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4. INTRODUCTION

We are continuing to examine a number of neuroprotective agents in an MPTP model of
PD. We are also continuing to utilize metabolomic profiling to identify novel biomarkers
for PD and to investigate whether these occur in animal models of PD. We are
continuing to develop and characterize a new animal model of PD by making a knock out
of PINK 1, a nuclear encoded kinase localized to mitochondria, and which causes
autosomal recessive PD. We have completed a study of the effects of human
dopaminergic stem cells in a 6-hydroxy dopamine model of PD.

QOutline of Research Goals:

Task 1: To determine the ability of pharmacologic agents to prevent MPTP
neurotoxicity.

1. Examine neuroprotective cffects of phosphodiesterase I'V inhibitor rolipram on MPTP.

2. Examine neuroprotective cffects of mitochondrial targeted antioxidants (SS02 and
SS31), which inhibit the MPT.

3. Examine neuroprotective effects of celastrol and promethazine on MPTP.
4. Examine a novel form of Coenzyme Qo (CoQjo) in the MPTP model of PD.
5. Examine the role of caspasc 3 activation in activation of microglia and MPTP toxicity.

Task 2: To develop a new transgenic mouse model of PD by knocking out PINKI, a
protein in which mutations cause autosomal recessive PD (months 1-48).

Task 3: To utilize metabolomic profiling to develop biomarkers for PD. We will utilize
metabolomic profiling to study patients with PD and animal models of PD (months 1-48).

Task 4. To determine the efficacy of human dopaminergic stem cells in the 6-
hydroxydopamine (6-OIIDA) model of PD (months 6 -24).



5. BODY

Task 1: To determine the ability of pharmacologic agents to prevent MPTP
neurotoxicity.

1. Examine neuroprotective eflects of phosphodiesterase inhibitor rolipram on
MPTP.

We have completed studies with the phosphodiesterase inhibitor rolipram. We saw
protective cffects with cither 1.2 or 2.5 mg/kg. We also showed significant protective
effects against dopamine deplction and loss of tyrosine hydroxylase neurons. These
results have now been accepted for publication in Experimental Neurology.

2. Examine neuroprotective effects of mitochondrial targeted antioxidants (SS02 and
SS31), which inhibit the MPT.

We have made substantial progress in thesc studies. We found that both of these
compounds, which concentrate in mitochondria and have ROS scavenging properties are
able to dosc-dependently inhibit lipid peroxidation as measurcd by chemoluminescence.
We also found that these compounds protect against MPP+ toxicity in vitro. We carried
out studies against MPTP toxicity in mice. We found that both compounds were able to
significantly protect against MPTP induced loss of dopamine, as well as loss of tyrosine
hydroxylase neurons. The dopamine metabolites DOPAC and HVA showed similar
effects. We are working on a manuscript describing these results, as well as other
continuing studies.

3. Examine neuroprotective effects of celastrol and promethazine on MPTP.

We have completed studies of both of these compounds during our last report. We found
marked neuroprotective cffects of both compounds. The results were published in the
Journal of Neurochemistry and in Neurobiology of Disease respectively.

4, Examine a novel form of coenzyme Q10 (CoQ10) in the MPTP model of PD.

We carried out a large number of studies, which showed that there were indeed
significant protective effects. In particular, we were able to show that coenzyme Q
administered in a chronic model of MPTP toxicity not only protccted against loss of
tyrosine hydroxylase neurons but it also protected against the development of
alphasynuclein aggregates. This was a model in which MPTP was administered over one
month by Alzet pump. These results we believe are particularly relevant to PD itself.

We have prepared a manuscript, which is under review at the Journal of Neurochemistry.

5. Examine the role of caspase 3 activation in activation microglia and MPTP
toxicity.



We continued our studies of matrix metalloprotease 3 (MMP3) and its role as a novel
signaling proteinase from apoptotic neuronal cell death that activates microglia. We
found that it is of importance in activating NADPH oxidase to generate superoxide and
this play a direct role in dopamine cell death. We have recently completed initial studies,
which have been published in FASEB Journal.

Task 2: To develop a new transgenic mouse model of PD by knocking out PINK1, a
protein in which mutations can cause autosomal recessive PD (months 1-48).

We have gencrated the PINK 1 knockout mice. Correctly targeted ES cells were used to
inject and generate PINK 1 knockout mouse founders. We are now continuing to expand
the colony. We have found mild defects in motor behavior. We have also found
impaired dopamine release using microdialysis. We have observed a number of different
phosphorylated proteins on two-dimensional gels. Of particular interest, the protein OMI
is phosphorylated by PINK1. This is of interest, since OMI is also implicated in PD. We
intend to carry out studies examining these mice both histologically, as well as
biochemically.

Task 3: To utilize metabolomic profiling to develop biomarkers for PD.

We are continuing out studies of metabolomic profiling. We have identified markers,
which clearly separate unmedicated PD patients from controls. We then applied these
markers to medicated PD patients who were able to obtain an equal separation. We
examined a number of specific markers. These included uric acid, which was decreased
in PD patients. We actually found increased levels of reduced glutathione, which is of
interest, since this is activated by the Nrf2 transcriptional pathway, which is known to be
activated in PD. Lastly, we found increased amount of 8-hydroxy-2-deoxyguanosine in
the plasma. We are continuing studies of patients with LRRK2 mutations. It appears that
they show unique metabolomic profiles. We will also obtain LRRK2 mutations. It
appears that they show unique metabolomic profiles. We also obtained LRRK2
transgenic mice, which we also intend to study. These studies will take the next year to
complete.

Task 4. To determine the efficacy of human dopaminergic stem cells in the 6-hydroxy
dopamine (6-OHDA) model of PD.

With regard to this task, we have now completed it. We carried out the studies in
collaboration with Dr Steve Goldman and Dr Neeta Roy. We carried out detailed
histologic studies. The acquisition of highly-enriched dopaminergic populations is an
important prerequisite to using I ES-derived dopaminergic ncurons for cell-based
therapy. We utilized a new strategy improving the efficiency of dopaminergic
neurogenesis from human ES cells. This involved co-culture with telomerase
immortalized human mesencephalic astrocytes during induction of a dopaminergic
phenotype using sonic hedgehog and FGF8. Using this means, we achieved a high
efficiency enrichment of dopaminergic ncurons. We then studied the ability of these to
functionally replace and correct 6-OHDA lesioned adult rat brain. We found that there



was a significant substantial and long lasting restitution of motor function. We also
measured for motor asymmetry and found that this was also corrected. There was
efficient generation of TH positive neurons in all six animals studied. We also looked to
see if the engrafted brains still showed evidence of mitosis amongst the engrafted
population. We examined BDRU incorporation in vivo. This showed that approximately
6 Y2 % of the neurons showed BDRU incorporation. Nevertheless, these are extremely
promising results which set the stage for further studies before human transplantation.
These studies were published last year in Nature Medicine.



6. KEY RESEARCH ACCOMPLISHMENTS

tm

The finding that mitochondrial targeted antioxidants SS02 and SS31, which
inhibit the MPT are neuroprotective against MPTP toxicity in mice, as well as
MPP+ toxicity in cell culture.

The finding that a reduced novel form of CoQ10 is effective in the MPTP model
of PD. We also showed that CoQ was effective in a chronic model of MPTP
toxicity. We furthermore found that MPTP toxicity was significantly attenuated
in MMP3 deficient mice, which lack the MMP3 activation in microglia. This
was accompanied by a decrease in superoxide generation. which was mediated by
NADPH oxidase.

We have developed a knockout model of PINK1. We are continuing to study
these mice to enable a full characterization.

We have continued metabolomic proliling and now have shown that we can
separate unmedicated PD patients from controls as well as medicated PD patients
from controls. This work is in the process of being prepared for publication. We
also showed that a number of specific metabolites were altered including 8-
dydroxy-2-deoxyguanosine and reduced uric acid.

We developed a novel technique for increasing the induction of dopaminergic
phenotype in human ES derived dopaminergic ncurons. We demonstrated and
published that this was effective in reversing a motor deficit in rats lesioned with
6-hydroxy-dopamine.



7. REPORTABLE OUTCOMES
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immortalized midbrain astrocytes. Nat Med 2006; 12:1259-1268



8. CONCLUSIONS

We have made considerable progress in our research goals. We have characterized a
number of agents, which show protection against MPTP toxicity. We have developed a
new transgenic mouse model of PD by knocking out PINK 1. We are continuing
metabolomic profiling studies of PD patients and we have found that we can identify
unique biomarkers in patients with LRRK2 mutations. We have completed studies of
transplantation of human ES cell derived dopaminergic neurons into a 6-hydroxy-
dopamine model of PD and have shown successful restitution of behavioral
abnormalities.
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Celastrol protects against MPTP- and 3-nitropropionic

acid-induced neurotoxicity
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Abstract

Oxidative stress and inflammation are implicated in neurode-
generative diseases including Parkinson's disease (PD) and
Huntington’s disease (HD). Celastrol is a potent anti-inflam-
matory and antioxidant compound extracted from a perennial
creeping plant belongingto the Celastraceae family. Celastrolis
known to prevent the production of proinflammatory cytokines,
inducible nitric oxide synthase and lipid peroxidation. Mice were
treated with celastrol before and after injections of MPTP, a
dopaminergic neurotoxin, which produces a model of PD. A
48% loss of dopaminergic neurons induced by MPTP in the
substantia nigra pars compacta was significantly attenuated by

celastrol treatment. Moreover, celastrol treatment significantly
reduced the depletion in dopamine concentration induced by
MPTP. Similarly, celastrol significantly decreased the striatal
lesion volume induced by 3-nitropropionic acid, a neurotoxin
used to model HD in rats. Celastrol induced heat shock protein
70 within dopaminergic neurons and decreased tumor necrosis
factor-a and nuclear factor x B immunostainings as well as
astrogliosis. Celastrol is therefore a promising neuroprotective
agent for the treatment of PD and HD.

Keywords: celastrol, gliosis, heat shock protein 70, Hunt-
ington, inflammation, Parkinson.

J. Neurochem. (2005) 94, 995-1004.

Parkinson’s discase (PD) is a progressive neurodegenerative
disorder which most commonly manifests between the fifth
and seventh decade with bradykinesia, tremor and postural
rigidity. At discase onset, a large proportion of dopaminergic
neurons in the substantia nigra pars compacta (SNpc) have
degenerated, resulting in a depletion of dopamine (DA) in the
striatum (Homykiewicz 1966). The causes of PD remain
unknown but substantial cvidence suggests an etiology
involving both genetic and environmental factors (Greena-
myre and Hastings 2004; Moore et al. 2004).

Huntington's discase (HD) is an inherited autosomal
dominant neurodegenerative disorder which is characterized
by choreiform abnormal movements, cognitive deficits and
psychiatric manifestations and is associated with preferential
degencration of medium spiny GABAergic neurons located
in the striatum (Harper 1991). Whereas the genetic defect
responsible for HD is clearly identified as an expansion of a
polyglutamine sequence within the huntingtin protein (The
Huntington’s Disease Collaborative Rescarch Group 1993),
many of the pathological mechanisms linking the mutant
protein to the neurodcgeneration remain highly speculative.
The pathogenesis of PD and HD appears to involve oxidative
stress, mitochondrial dysfunction, microglial activation and
production of proinflammatory cytokines (Blum et al. 2001;

Deckel 2001; Orr er al. 2002; Beal 2003: Beal and Ferrante
2004).

Administration of the succinate dehydrogenase inhibitor
3-nitropropionic acid (3-NP) produces, in rodents and
primates, the principal features of HD (Brouillet er al.
1998 Blum er a/. 2002). There is degeneration of striatal
medium-sized spiny GABAergic neurons (Beal er al. 1993),
abnormal movements and cognitive deficits (Brouillet et al.
1999; El Massioui ef al. 2001). Administration of MPTP, in
primates and rodents, reproduces the characteristic degencr-
ation of nigrostriatal dopaminergic ncurons with a decrease
in striatal DA (Meikkila er al. 1984; Ramsay and Singer
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2005; accepted April 7, 2005.
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1986). Both toxins lecad to mitochondrial dysfunction,
production of oxidative stress. release of proinflammatory
cytokines and gliosis (Brouillet er al. 1999; Blum ef al.
2001).

Celastrol, a triterpene, is a potent anti-inflammatory and
antioxidant that is extracted from the root bark of an ivy-like
vine, Triprerygium wilfordii Hook, which belongs to the
family of Celastraceae. In China, this plant has a long
history of use in traditional medicine for treating fever and
joint pain. Studies have shown that celastrol suppresses
microglial activation, pro-inflammatory cytokine production
and the formation of inducible nitric oxide (Allison et al.
2001). Celastrol has been shown to strongly inhibit lipid
peroxidation induced by ADP and Fe®* (Sassa et al. 1990).
In rat liver mitochondrial membranes, its ICsq was 7 pm and
it was 15 times more effective than the most commonly used
antiperoxidative agent, alpha-tocopherol (Sassa et al. 1990).
The dienonephenol moiety of celastrol inhibits the peroxi-
dation of outer and inner mitochondrial membranes by direct
radical scavenging, while the anionic carboxyl group
prevents the attack of oxygen radicals on the inner membrane
by increasing its negative surface charge (Sassa er al. 1994).
Celastrol is of great interest as it is a compound which could
be easily placed into human clinical trials due to its lack of
toxicity. We investigated the neuroprotective effects of
celastrol in rodent models of PD and HD.

Materials and methods

Materials

All reagents were purchased from Sigma (St Louis. MO, USA)
except celastrol which was purchased from Microsource (Gaylords-
ville, CT, USA) and dissolved in a mixture of dimethylsulfoxide
(DMS0) and cremophore (10%/90%). Despite the fact that this
mixture was always used as a solvent, we only refer to "DMSO” in
order to make the figures and text more concise. 3-NP was dissolved
in distilled water and the pH was adjusted to 7.4. MPTP was
dissolved in phosphate-buffered saline (PBS). 2.3.5-ripheny!
tetrazolium chloride was diluted (2%) in distilled water.

Animals and procedures

The experiments were carried out on mice and rats in accordance
with the NIH Guide for the Care and Use of Laboratory Animals.
All procedures were approved by the local Animal Care and Use
Committec. Mice (four per cage) and rats (two per cage) were
maintained in a temperaturc/humidity-controlled environment under
a 12-h lightdark cycle with free access to food and water. Male
Swiss Webster mice (8-12 mice per group. 12 weeks old) were
injected with celastral (3 mg/kg, i.p.) or ‘DMSQ’(10% DMSO/90%
cremophore; 10 mL/kg) 12 h before and 12 h afier receiving the
first MPTP injection (15 mg/kg, i.p. cach 2 h x 4 doses) or PBS
injections (10 mL/kg). Thercfore, cach celastrol/MPTP-treated
mouse received two celastrol injections (3 mg/kg, i.p.) 24 h apan
and four MPTP injections (15 mg/kg, i.p.) 2 h apart. The last MPTP
injection was performed 6 h after the first injection. Mice were

killed 7 days later by cervical dislocation. Male Lewis rats
(12 weeks old) were anesthetized with isoflurane before being
subcutancously implanted with osmotic minipumps (2ML1 Alzet
pump) containing 3-NP. Rats werc continuously infused with 3-NP
for 5 days at a daily dose of 54 mg/kg (Ouary ef al. 2000).
Beginning 24 h afier the surgery, rats were injected twice a day with
celastrol (3 mg/kg/dose, 1.p.) until killing. Rats were killed 5 days
after the surgery.

HPLC measurement of dopamine and metabolites

For measurement of DA and its metabolites. dissected striata were
immediately frozen on dry ice and stored at —80°C. Tissues were
sonicated and centrifuged in chilled 0.1 M perchloric acid (about
100 pL/mg tissue). The supernatant fluids were taken for measure-
ments of levels of DA and its metabolites 3.4-dihydroxyphenylace-
tic acid and homovanillic acid by HPLC. as modified from our
previously described method (Beal er al. 1990). Bricfly, 10 pL
supematant fluid was isocratically eluted through an 80 % 4.6-mm
C18 column (ESA, Inc., Chelmsford, MA. USA) with a mobile
phase containing 75 mm of NaH,PO,, 1.5 mum octanesulfonic acid
(OSA), 5% acetonitrile (pH 3) and detected by a two-channel
Coulochem 11 electrochemical detector (ESA, Inc.). The flow rate
was | mL/min. Concentrations of DA and its metabolites are
cxpressed as nanograms per milligram of protein. The protein
concentrations of tissue homogenates were measured with the protein
analyse protocol (Bio-Rad Laboratories, Hercules, CA, USA) and
HTS7000+ plate reader (Perkin Elmer. Norwalk, CT, USA).

Measurement of inducible heat shock protein 70 levels by
ELISA

Dissected mouse substantia nigras as well as rat striala were
immediately frozen on dry ice and stored at —80°C. The expression
of heat shock protein (HSP)70 was measured using a StressXpress
HSP70 ELISA kit (Stressgen Biotechnologies, Victoria, BC,
Canada) according to the manufacturer’s instructions with some
modifications, i.e. the frozen tissue was placed in a 1-mL Dounce
homogenizer with 250 pL (substantia nigra) or 500 uL. (striata) of
cextraction reagent and homogenized manually with 15 strokes of the
pestle. Samples were not diluted and were incubated for 3 h.

Histological and stereological analyses

Fresh brains were fixed by immersion in 4% paraformaldehyde
ovemight at 4°C. Before scctioning, the tissues were placed in 30%
glucose overnight at 4°C for cryoprotection. Serial coronal sections
(50 um thick) were cut through the substantia nigra (mice) or the
striaturn (rats) using a cryostat. In the mice, two sets consisting of
cight sections each, 100 pm apart, were prepared. One set of
sections was used for Niss] staining and the other was processed for
tyrosine hydroxylase (TH) immunohistochemistry using the avidin-
biotin peroxidase technique (Vectastain ABC kit; Vector Laborat-
orics, Burlingame. CA, USA). A rabbit anti-TH affinity-purified
antibody (1 : 3000; Chemicon, Temecula, CA, USA) was used. The
numbers of Nissl-stained or TH-immunoreactive cells in the SNpc
were counted using the optical fractionator (West er al. 1991).
Analysis was performed using a system consisting of an Eclipse
E600 microscope (Nikon, Melville, NY. USA) equipped with a
computer-controlled LEP BioPoint motorized stage, DEI-750 video
camera, Dimension 4300 computcr (Dell, Round Rock, TX, USA)
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and the Stereo Investigator (v. 4.35) software program (Micro-
brightfield, Burlington, VT, USA). Tissue sections were examined
using a Plan Apo 100x objective lens (Nikon) with a 1.4 numerical
aperture. The size of the x-y sampling grid was 140 uym. The
counting frame thickness was 14 um and the counting frame area
was 4900 um’. The cocflicient of error and coefficient of variation
were also determined. A separate set of sections was used for
immunohistochemistry using antibodics detailed in Table 1.

Double label immunofluorescence was employed to demonstrate
colocalization of TH and HSP70. For the quantification in the SNpc
of HSP70 immunoreactivity in nuclear and cytoplasmic compart-
ments, three sections per mouse (100 um apart) were analysed (n =
5 mice per group). The numbers of neurons per section with
predominant staining in either the nuclei or perikarya were
determined. Data arc cxpressed as a percentage of neurons with
intense nuclear staining. The numbers of tumor necrosis factor-a
(TNF-a)-immunoreactive cells in the substantia nigra of mice were
estimated stereologically using the optical fractionator technique as
described for the TH-positive cell counts. Only intensely stained
cells were counted.

For 3-NP lesion volume analysis, brains were sectioned at 2-mm
intervals. Slices were immediately placed in 2% 2,3.5-triphenyl
tetrazolium chloride in the dark for 30 min and then stored,
protected from light, in 4% paraformaldehyde. Lesions. noted by
pale staining, were evaluated on the surface of each section using a
Microcomputer Image Device (Imaging Research Inc., St. Cathe-
rine, ON, Canada). Lesion volumes were calculated by multiplying
the lesion area by the slice thickness. We previously showed that
these measurements exhibit no significant differences from those
obtained with Nissl staining (Schulz er al. 1995).

Statistical analysis

All data were computed in a database (Instat® software: GraphPad
Software Inc., San Diego, CA, USA) and expressed as mean + SEM.
Differences between groups and interaction between treatments were
assessed by Student’s r-test (unpaired) or by a onc-way ANOVA
followed, when appropriate. by a Student-Newman Kculs post-hoc
test. A probability level of 5% (p < 0.05) was considered significant.

Results

Celastrol attenuated dopaminergic neuron loss induced
by MPTP in the substantia nigra pars compacta
Dimethylsulfoxide-treated mice that received MPTP (15 mg/
kg. 1.p. 9 2 h x 4 doses) sustained a 48% (p < 0.001) loss of

Table 1 List of antibodies used

Celastrol protects against MPTP and 3-NP neurotoxicity 997

Nissl-immunopositive neurons and a 48% (p < 0.01) loss of
TH-immunopositive dopaminergic ncurons within the SNpc
compared with DMSO/PBS-treated mice (Fig. 1 and
Table 2). Celastrol alone (3 mg/keg, i.p. q 12 h x 2 doscs)
did not have any effect on the number of Nissl-immuno-
positive neurons or on the number of TH-immunopositive
neurons. However, celastrol treatment significantly dimin-
ished the MPTP-induced loss of SNpe ncurons. Indeed.
celastrol protected against the loss of Nissl- (p < 0.001) and
TH- (p < 0.01) immunopositive neurons. This protection was
strong as the number of Nissl- and TH-immunopositive
neurons was not significantly different between the DMSO/
PBS and celastrol/MPTP groups.

Celastrol reduced MPTP-induced depletion of striatal
dopamine levels

Celastrol alone had no effect on striatal DA levels (Fig. 2).
MPTP administration induced a 37% depletion of striatal DA
level compared with DMSO/PBS-treated mice (p < 0.001).
Celastrol significantly protected against the MPTP-induccd
depletion of striatal DA (p < 0.05). The striatal DA levels of
celastrol/MPTP-treated mice were not significantly different
from those of celastrol/PBS-treated mice. MPTP treatment
also induced a significant decrease in striatal 3.4-dihydrox-
yphenylacetic acid (—34%. p < 0.001) and homovanillic acid
(—29%, p < 0.001). Celastrol treatment prevented the MPTP-
induced  3.4-dihydroxyphenylacetic  acid  depletion
(p < 0.05).

Celastrol reduction of MPTP neurotoxicity is
accompanied by increased heat shock protein 70
expression in the substantia nigra pars compacta
Heat-shock chaperones such as HSP70 have been shown to
confer protection in a Drosophila model of PD (Auluck et al.
2002). We therefore cxamined whether the protection
observed could result, at least in part, from an increase in
the inducible form of HSP70 by cclastrol. At 1 week after
two injections of celastrol (3 mg/kg, q 24 h x 2 doses).
HSP70 immunostaining was strongly increased in the SNpc
of cclastrol/PBS-treated mice. As revealed by immunocyto-
chemistry, the solvent ‘DMSQO’ (10%/90%) used to dissolve
celastrol also enhanced HSP70 immunostaining in the SNpc.
However, the inducible form of HSP70 was almost totally

Antibody Company Dilution
HSP70 Rabbit anti-HSP70 (HSP72) polyclonal Stressgen Biotechnologies, Victoria, BC, Canada 1:2000
TNF-a Rabbit anti-TNF-xpolyclonal Calbiochem-Novabiochem Corporation, San Diego, CA, USA 1:100
NFxB Affinity-purified rabbit anti-NFxB p65 polyclonal Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA 1:500
CD40L Goat anti-CD40L rabbit polycional Santa Cruz Biotechnology, Inc. 1: 1000
TH Anti-TH Chemicon, Temecula, CA, USA 1: 4000

HSP, heat shock protein; NFxB, nuclear factor x B; TH, tyrosine hydroxylase; TNF-a, tumor necrosis factor-a.
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Fig. 1 Effect of celaslrol treatment on MPTP-induced loss of dop-
amine neurons in mice. Photomicrographs of tyrosine hydroxylase-
immunostained sections through the substantia nigra pars compacta
showing MPTP-induced loss of dopaminergic neurons and the neu-
roprotective effect afforded by celastrol. DMSO, dimethylsulfoxide;
PBS, phosphate-buffered saline.

absent in DMSO/MPTP-treated mice 1 week after the
treatment. In  contrast to DMSO/MPTP-treated mice
that only weakly cxpress HSP70 at 1 week, celastrol/
MPTP-trcated mice showed increased HSP70 immunolabe-
ling (Fig. 3a).

The observation that celastrol induced an increase in
HSP70, obtained by immunohistochemistry, was confirmed
by biochemistry. Measurement of inducible HSP70 by
ELISA showed that 7 days after only two celastrol injections
(3 mg/kg. q 24 h). the level of the inducible form of HSP70
was significantly increased in the substantia nigra (p < 0.05).
The two injections of DMSO did not significantly increase
HSP70 compared with control (Fig. 3b).

Table 2 Stereological counts of tyrosine hydroxytase- (TH) and Nissl-
positive neurons (optical fractionator) in the substantia nigra pars
compacta for each group

Nissl TH
(mean + SEM) (mean + SEM)

DMSO/PBS 11 188 + 408 9604 + 419
Celastrol/PBS 11 071 + 596 9483 + 683
DMSO/MPTP 5760 x 697 4975 1119
compared with DMSQ/PBS p < 0.001 p <001
Celastro/MPTP 9658 + 609 8575 £ 331
compared with DMSQ/PBS p < 0.001 p < 0.001

Celastrol prevented the loss of Nissl- (p < 0.001) and TH- (p < 0.01)
positive neurons induced by MPTP. DMSO, dimethylsulfoxide; PBS,
phosphate-buffered saline.

Celastrol induced nuclear translocation of cytoplasmic
heat shock protein 70

Double label immunofluorescence showed colocalization of
HSP70 with TH, indicating that increased nigral HSP70
expression occurred within dopaminergic neurons. HSP70
was observable in the cytoplasm as well as in the nucleus of
dopaminergic neurons (Fig. 3¢). Quantification of HSP70 in
both compartments showed that, in the SNpc of DMSO/
MPTP-treated mice, 27% of HSP70 was in the nucleus while
73% remained in the cytoplasm. However, in celastrol/
MPTP-treated mice. 47% of HSP70 was in the nucleus,
indicating that celastrol induced a translocation of inducible
HSP70 from the cytoplasm to the nucleus (p < 0.001
compared with DMSO/PBS-treated mice) (Fig. 3d). The
nuclear translocation of inducible HSP70 is necessary for the
generation of newly expressed HSP70 (Barrett er al. 2004).

Celastrol attenuated MPTP neurotoxicity by attenuating
inflammation

In view of the known potent anti-inflammatory activity of
celastrol, its effects on the production of TNF-a and nuclear
factor x B (NFkB) were investigated. Treatment with DMSO
plus MPTP induced increased immunostaining for the inflam-
matory cytokine TNF-a in the SNpc (Fig. 4a). Intensely
stained cells for TNF-a were counted stereologically in the
substantia nigra (Fig. 4b). There were no intensely stained
cells in control groups. The number of TNF-a-immunoreactive
cells was significantly lower (p < 0.05) in the celastrol/MPTP-
than in the DMSO/MPTP-treated mice. During the inflamma-
tory process, TNF-a production activates the transcription
factor NFKB, inducing relcase of inflammatory cytokines
(Ghosh and Karin 2002). In our experiment, DMSO/MPTP
treatment increased NFxB immunoreactivity in the SNpc
(Fig. 4a). Celastro! treatment reduced MPTP-induced immu-
noreactivity of NFkB, confirming that celastro! both dircctly
and indirectly inhibits activation of differcnt mediators of the
inflammatory pathway.

Celastrol reduced striatal lesion volumes induced by
3-nitropropionic acid in rats

Chronic delivery of 3-NP in rats via osmotic minipumps
(54 mg/kg/day, s.c.) induced striatal lesions with a volume of
approximately 12 mm?® (Fig. 5). Celastrol treatment 3 mg/ke,
i.p. 9 12 h x 8 doses) significantly reduced 3-NP-induced
neurodegeneration. Indeed, in celastrol/3-NP-treated rats, the
lesion volume was nearly absent (0.17 mm?) and reduced by
98% (p < 0.05) compared with DMSO/3-NP-treated rats.

Celastrol induced heat shock protein 70 in the striata of
3-nitropropionic acid-treated rats

Heat-shock chaperones such as HSP70 have been shown to
confer protection in models of HD (Dedcoglu et al. 2002)
and polyglutamine-mediated neurodegencration (Warrick
et al. 1999). Therefore. we checked whether the strong
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Fig. 2 Effects of celastrol and MPTP treatments on striatal levels of
dopamine (DA), 3,4-dihydroxyphenylacetic acid (DOPAC) and homo-
vanillic acid (HVA). Celastro! treatment significantly attenuated the DA
and DOPAC depletions induced by MPTP. **"p < 0.001 compared
with dimethyisulfoxide (DMSO)phosphate-buffered saline (PBS)-
treated mice; #p < 0.05 compared with DMSO/MPTP-treated mice.

protection afforded by cclastrol treatment resulted from
HSP70 induction. The inducible form of HSP70 was weakly
present in  DMSO/3-NP-treated rats as assessed by
immunohistochemistry  (Fig. 6a). Thc localization of
HSP70 expression in the striata of celastrol/3-NP-treated
rats was similar to that observed at the site of neurodegen-
eration in 3-NP-treated rats. Celastrol treatment in 3-NP-
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treated rats enhanced HSP70 expression by 19% (p < 0.05)
as assessed by ELISA (Fig. 6b).

Celastrol reduces 3-nitropropionic acid-induced
astrogliosis in rats

Celastrol stongly reduced 3-NP-induced neurotoxicity, prob-
ably by inducing HSP70. The results obtained with the 3-NP
model are in accordance with those obtained in the MPTP
model. As 3-NP is known to induce astrogliosis (Beal et al.
1993), we decided to examine the effects of celastrol on
astrogliosis. CD40L, an inflammatory factor characteristic of
astroglial cells, showed a marked staining of astrocytes in the
striata of DMSO/3-NP-treated rats (Fig. 7). Celastrol treat-
ment strongly reduced 3-NP-induced astrogliosis.

Discussion

Celastrol protected dopaminergic neurons against the neuro-
toxic effects of MPTP. It prevented both the degeneration of
nigrostriatal dopaminergic neurons and the loss of striatal DA
induced by MPTP. Celastrol also strongly rcduced the
volume of striatal lesions induced by a chronic 3-NP
treatment.

Heat shock protein 70, the major inducibie heat shock
chaperone, is induced in response to oxidative stress and
neuronal injury. HSP70 plays a protective role by preventing
protein misfolding and aggregation as well as oxidative
injury and apoptosis (Yenari 2002). In Drosophila models,
HSP70 has been shown to confer protection against alpha-
synuclein toxicity Auluck er al. 2002) and polyglutamine-
mediated neurodegeneration (Warrick ef al. 1999; Bonini
2002). We found that mice overexpressing HSP70 were less
sensitive to 3-NP toxicity (Dedeoglu et al. 2002). Moreover,
a recently published study reported that HSP70 gene transfer
to DA neurons, by injection of a recombinant adeno-
associated virus in mice, protects against MPTP-induced
neurotoxicity (Dong et al. 2005)

Celastrol activates heat shock transcription factor 1. It
shares kinetic features with heat shock, including rapid
induction within minutes and a similar magnitude of
induction (Westerheide ef al. 2004). The ECs, value was
3 um. Celastrol induced heat shock transcription factor 1
DNA binding, hyperphosphorylation of heat shock transcrip-
tion tactor | and cxpression of chaperone genes. The HSP70
protein and mRNA levels were similar to those which
occurred with 42°C heat shock in both HeLa and neurob-
lastoma cells. Celastrol protected cells from subsequent lethal
heat stress and decreased apoptotic cell death. Induction of
HSPs is known to intervene at multiple points in the
apoptotic pathway, including inhibition of c-Jun N-terminal
kinase activation and prevention of cytochrome ¢ release and
caspase activation (Green and Krocmer 2004).

Celastrol therefore has a number of mechanisms by which it
may exert neuroprotective effects, including anti-inflamma-

© 2005 International Society for Neurochemistry. J. Neurochem. (2005) 94. 995-1004



1000 C. Cleren er al,

(a)
cul DMSO/PBS ~

LI v

Fig. 3 Celastrol induced an increase of heal shock protein (HSP)70
immunoreactivity and protein level in the substantia nigra as well as
HSP70 nuclear translocation. (a) Inducible HSP70 immunoreactivity in
the substantia nigra pars compacta (SNpc) of control (Ctrl) or MPTP-
lesioned mice treated with dimethylsulfoxide (DMSO) or celastrol.
Upper panel, DMSO or celastrol-induced enhancement of HSP70
immunoreactivity in phosphate-buffered saline (PBS)-treated mice.
Lower panel, celastrol-induced enhancement of HSP70 immunoreac-
tivity in MPTP-treated mice. (b) Effect of celastrol treatment on HSP70
levels in the substantia nigra. Two injections of celastrol increased
HSP70 levels at 7 days. "p < 0.05 compared with control mice. (c)

tory and antioxidative effects and its ability to up-regulate
HSPs. Indeed, some anti-inflammatory compounds are able to
activate the DNA-binding activity of the heat shock transcrip-
tion factor | and, in consequence, HSP70 expression (Mori-
moto and Santoro 1998). Therefore, we examined the cffect of
celastrol on HSP70 expression 1 week after only two injec-
tions of celastrol in mice. We observed an increase of HSP70
levels, measured by both ELISA and HSP70 immunostaining,
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Colocalization of tyrosine hydroxylase (TH) (left panel) and HSP70
(middle panel) in the cytoplasm of dopaminergic neurons (arrows).
The merge shows the presence of HSP70 immunoreactivity in the
nucleus of TH-positive neurons. Scale bar for the right panel, 25 ym.
(d) Quantification of HSP70 immunoreactivity in the SNpc of MPTP-
lreated mice. The numbers of neurons with predominant staining in
either the nuclei or perikarya per section were determined. Data are
expressed as a percentage of neurons with intense nuclear staining.
Caelastrol treatment induced the nuclear translocation of HSP70 in
MPTP-treated mice. ###p < 0.001 compared with DMSO/MPTP-
treated mice.

in the SNpc. We also observed an enhancement of HSP70
immunoreactivity 1 day after MPTP treatment (result not
shown) which was reduced after 1 weck. MPTP treatment
(20 mg/kg, q 12 h x 4 doscs) in mice was reported to result in
a transient up-regulation of HSP70 expression in the
substantia nigra from 4 h to 2 days after the first MPTP
injection, which was no longer observable at 4 days afier the
treatment (Kuhn et a/. 2003). Our results are consistent with a
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Fig. 5 Effect of celastrol treatment on 3-nitropropionic acid (3-NP)-
induced striatal lesions in rats. Celastrol strongly reduced the lesion
resuling from the 3-NP treatment. #p < 0.05 compared with
dimethylsulfoxide (DMSO)/3-NP-treated rats.

MPTP

recent study showing that celastrol (3 pm) induces HSP70
protein and mRNA levels in HeLa and neuroblastoma cells
(Westerheide er al. 2004).

In our study. celastrol enhanced HSP70 expression in
MPTP-treated mice. HSP70 may protect by regulating matrix
metalloproteinases (Lee er al. 2004). In the brain, HSP70, by
an as yet unknown mechanism, can increase Bcl-2 expres-
sion which, in tum, blocks cytochrome ¢ release and
subsequent effector caspase activation (Creagh ef al. 2000;
Gabai er al. 2002; Yenari 2002). We observed more nuclear
HSP70 in celastrol/MPTP- than in DMSO/MPTP-treated
mice. This difference presumably resulted from the known
cytoplasm to nucleus translocation of inducible HSP70,
necessary for the generation of newly expressed HSP70
(Barrett et al. 2004).

In their review. Malhotra and Wong (2002) reported that
HSP70 prevents the activation of NFkB by stabilizing the
Nuclear factor Kappa B inhibitor-alpha (NFkB-1kBa) com-
plex. The induction of the heat shock responsc before a
proinflammatory signal inhibits NFkB activation and NFxB-
dependent proinflammatory genc expression. Schmidt and
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Abdulla (1988) reported that there is a correlation between
the extent of interlcukin-1f reduction and the level of HSP
induction by chemical inducers in THP-1 cells. Therefore.
we investigated the cffects of celastrol on inflammation.
MPTP wreatment induces a peak of inflammation at 7 days
after its injection (Ciesiclska er a/. 2003). TNF-a is produced
primarily by macrophages and plays a major role in the
pathogenesis of inflammation. In our study, MPTP induced a
marked increase in TNF-a immunostaining in the SNpc

Fig. 6 Celastrol induces heat shock protein
(HSP)70 in the striatum of 3-nitropropionic
acid (3-NP)-lesioned rat. (a) Upper panel,
HSP70 staining was absent in control (Ctri),
moderate in the striatum of dimethylsulfox-
ide (DMSO)/3-NP-treated mice and most
intense in celastrol/3-NP-treated mice.
HSP70 labeling occurred in neurons and
neuropil within the focal region vulnerable to
3-NP nsurotoxicity. Lower panel, higher
magnification (4x). (b) Celastrol treatment
increased HSP70 expression in the striata
of 3-NP-treated rats. #p < 0.05 compared
with DMSO/3-NP-treated rats.

Fig. 7 CD40L immunoreactivity in the stria-
tum of 3-nitropropionic acid (3-NP)-lesioned
rat.  CDA40L-immunoreactive  astrocyles
proliferate in dimethylsulfoxide (DMSO)/3-
NP-treated rat and are attenuated by cel-
astrol treatment. Ctrl, control.

7 days after MPTP administration. Celastrol treatment of
MPTP-injected mice significantly reduced the MPTP-in-
duced increase of TNF-a. Binding of TNF-a to its membrane
receptor TNF-R1 activates multiple downstream signaling
events including activation of caspases and NFxB-mediated
transcription. One consequence is an up-regulation of the
transcription factor NFkB (Ghosh and Karin 2002). To
investigate whether celastrol modifiecd TNF-a activity, we
stained the SNpc for NFkB. At 7 days afier the treatment,
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MPTP induced an increase in NFkB immunoreactivity.
Celastro! reduced the increase in NFxB staining in MPTP-
treated mice. The dopaminergic neuroprotection observed in
celastrol/MPTP-treated mice may therefore result, in part,
from the HSP70-induced anti-inflammatory properties of
celastrol, which induces a down-regulation of the transcrip-
tion factor NFkB. This may prevent NFFkB-induced release
of cytokines, including interleukin-1 and -6.

In our experiments we observed that celastrol exerted a
strong neuroprolcctive effect in another model of neurode-
generation. Celastrol almost completely prevented 3-NP-
induced striatal lesions. As observed in the MPTP model, it
is probable that celastrol protected against 3-NP toxicity by
inducing HSP70. Indeed, HSP70 was induced by celastrol
treatment within the upper lateral region of the striatum
which is more vulnerable to 3-NP neurotoxicity. The 3-NP
model has features in common with the MPTP model, such
as inflammation and astrogliosis (Brouillet ef al. 1999).
TNF-a released from macrophages binds to astrocytes,
activating them and leading to astrogliosis (Ridet et al.
1997). Many functions have been attributed to astroglia,
including ion homeostasis, uptake of ncurotransmitters and
contribution to the immune system (Takuma er al. 2004).
Astroglia also play a role in the preservation of the host tissuc
integrity after injury (Dervan et al. 2003). We examined the
effects of celastrol on 3-NP-induced astrogliosis. As expec-
ted, the striata of rats treated with 3-NP showed numerous
reactive astrocytes. Celastrol treatment strongly reduced
3-NP-induced astrogliosis in rats.

Conclusions

Celastrol treatment in MPTP-treated mice was sufficient to
attenuate the loss of DA and dopaminergic neurons.
Celastrol also strongly reduced 3-NP-induced striatal
lesions. The neuroprotective effect of celastrol may be
multifactorial. Celastrol treatment induced an increase of
inducible HSP70 in the substantia nigra of MPTP-treated
mice, 7 days after injections, and in the striata of 3-NP-
treated rats. Celastrol treatment also resulted in a strong
nuclear translocation of HSP70 necessary for the generation
of newly expressed HSP70. Induced HSP70 may prevent
TNF-a and NFkB activation, inhibiting the release of
proinflammatory cytokines and astrogliosis. We observed
that celastrol treatment reduced induced inflammation and
astrogliosis. HSP70 may also reduce apoptosis. Our results
suggest that celastrol could play a therapeutic role in
preventing and/or delaying the onset and progression of PD
and HD.

Acknowledgements

The work was supported by grants from National Institute of
Neurological Disorders and Stroke, the Department of Defense,
Michael J. Fox Foundation and Parkinson's Disease Foundation.

Celastrol protects against MPTP and 3-NP neurotoxicity 1003

References

Allison A. C., Cacabelos R., Lombardi V. R., Alvarez X. A. and Vigo C.
(2001) Celastrol, a potent antioxidant and anti-inflammatory drug,
as a possible treatment for Alzheimer's disease. Prog. Neuropsy-
chopharmacol. Biol. Psychiat. 25, 1341-1357.

Auluck P. K., Chan H. Y., Trojanowski J. Q., Lee V. M. and Bonini N. M.
(2002) Chaperone suppression of alpha-synuclein toxicity in a
Drosophila model for Parkinson’s discase. Science 295, 865-868.

Barrett M. J., Alones V., Wang K. X.. Phan L. and Swerdlow R. H.
(2004) Mitochondria-derived oxidative stress induces a heat shock
protein response. J. Neurosci. Res. 78, 420-429.

Beal M. F. (2003) Mitochondria, oxidative damage, and inflammation in
Parkinson’s discase. Ann. NY Acad. Sci. 991. 120-131.

Beal M. F. and Femante R. J. (2004) Expenimenml therapeutics in
transgenic mouse models of Huntington’s disease. Nar. Rev. Neu-
rosci. 5, 373-384.

Beal M. F.,, Kowall N. W., Swartz K. J. and Ferrante R. J. (1990)
Homocysteic acid lesions in rat striatum spare somatostatin-neu-
ropeptide Y (NADPH-diaphorase) ncurons. Newrvsei. Lett. 108,
36-42.

Beal M. F., Brouillet E., Jenkins B. G., Ferrante R. J., Kowall N. W., Miller
J. M.. Storey E.. Srivastava R., Rosen B. R. and Hyman B. T. (1993)
Neurochemical and histologic characterization of striatal excitotoxic
lesions produced by the mitochondrial toxin 3-nitropropionic acid.
J. Neurosci. 13, 4181-4192.

Blum D., Torch S., Lambeng N., Nissou M., Benabid A. L., Sadoul R.
and Verna J. M. (2001) Molecular pathways involved in the neu-
rotoxicity of 6-OHDA, dopamine and MPTP: contribution to the
apoptotic theory in Parkinson’s disease. Prug. Neurobiol. 6S,
135-172.

Blum D., Galas M. C., Gall D., Cuvelier L. and Schiffmann S. N. (2002)
Striatal and cortical neurochemical changes induced by chronic
metabolic compromise in the 3-nitropropionic model of Hunting-
ton's discase. Neurobiol. Dis. 10, 410-426.

Bonini N. M. (2002) Chaperoning brain degeneration. Proc. Natl Acad.
Sci. USA 99, S16 407-S16 411,

Brouillet E., Guyot M. C., Mittoux V., Altairac S., Conde F., Palfi S. and
Hantraye P. (1998) Partial inhibition of brain succinate dehydrog-
cnase by 3-nitropropionic acid is sufficient to initiate striatal
degeneration in rat. J. Newrochem. 70, 794-805.

Brouillet E., Conde F., Beal M. F. and Hantraye P. (1999) Replicating
Huntington’s disease phenotype in experimental animals. Prog.
Neurobiol. §9, 427-468.

Ciesielska A., Jonicc |., Przybylkowski A., Gromadzka G., Kurkowska-
Jastrzebska [, Czlonkowska A. and Czlonkowski A. (2003)
Dynamics of expression of the mRNA for cytokines and inducible
nitric synthase in a murine mode! of the Parkinson’s disease. Acta
Neurobiol. Exp. 63. 117-126.

Creagh E. M.. Carmody R. J. and Cotter T. G. (2000} Heat shock protein
70 inhibits caspase-dependent and -independent apoptosis in Jurkat
T cells. Exp. Cell Res. 257, 58-66.

Deckel A. W. (2001) Nitric oxide and nitric oxide synthase in Hunt-
ington's disease. J. Newrosci. Res. 64, 99-107.

Dedeoglu A., Ferrante R. )., Andreassen O. A., Dillmann W, H. and Beal
M. F. (2002) Mice overexpressing 70-kDa heat shock protein show
increased resistance to malonate and 3-nitropropionic acid. Exp.
Neurol. 176, 262-265.

Dervan A. G., Totterdell S., Lau Y. S. and Meredith G. E. (2003) Altered
stnatal neuronal morphology is associated with astrogliosis in a
chronic mouse model of Parkinson's disease. Ann. NY Acad. Sci.
991, 291-294.

Dong Z., Wolfer D. P, Lipp H. P. and Bucler H. (2005) Hsp70 genc
transfer by adeno-associated virus inhibits MPTP-induced nigro-

© 2005 Intemnational Society for Neurochemistry. J. Newrachem. (2005) 94, 995-1004



1004 C. Cleren et al.

striatal degeneration in the mouse model of Parkinson discase. Mol.
Ther. 11, 80-88.

El Massioui N., OQuary S., Cheruel F., Hantraye P. and Brouillet £. (2001)
Perseverative behavior underlying atientional set-shifting deficits
in rats chronically treated with the neurotoxin 3-nitropropionic
acid. Exp. Newrol, 172, 172~181.

Gabai V. L., Mabuchi K., Mosser D. . and Sherman M. Y. (2002)
Hsp72 and stress kinase c-jun N-terminal kinase regulate the bid-
dependent pathway in tumor nccrosis factor-induced apoptosis.
Mol. Cell Biol. 22, 3415-3424.

Ghosh S. and Karin M. (2002) Missing picces in the NF-kappal3 puzzle.
Cell 109, S81-5896.

Green D. R. and Kroemer G. (2004) The pathophysiology of mitoch-
ondrial cell death. Science 305, 626-629.

Greenamyre J. T. and Hastings T. G. (2004) Biomedicine. Parkinson's —
divergent causes, convergent mechanisms. Science 304, 1120-1122,

Harper P. S. (ed.) (1991) Huntington s Disease. Saunders, London.

Heikkila R. E.. Cabbat F. 5., Manzino L. and Duvoisin R. C. (1984)
Effects of |-methyl-4-phenyl-1.2,5,6-tetrahydropyridine on neo-
striatal dopaminc in mice. Newropharmacology 23, 711-713.

Homykicwicz O. (1966) Dopamine (3-hydroxytyraminc) and brain
function. Pharmacol. Rev. 18, 925-964.

Kuhn K., Wellen J., Link N., Maskri L., Lubbert H. and Stichel C. C.
(2003) The mouse MPTP model: genc expression changes in
dopaminergic neurons. Eur. J. Neurosci. 17, 1-12,

LecJ. E, Kim Y.J.,,KimJ. Y., Lee W. T., Yenari M. A. and Giftard R. G.
(2004) The 70 kDa heat shock protein suppresses matrix metal-
loproteinases in astrocytes. Newrorepori 15, 499-502.

Malhotra V. and Wong H. R. (2002) Intcractions between the heat shock
response and the nuclear factor-kappaB signaling pathway. Crir.
Care Med. 30, S89-S95.

Moore D. J.. West A. B., Dawson V. L, and Dawson T. M. (2004)
Molecular pathophysiology of Parkinson’s disease. Annu. Rev.
Neurosci. (Epub ahead of print).

Morimoto R. 1. and Santoro M. G. (1998) Stress-inducible responses and
heat shock proteins: new pharmacologic targets for cytoprotection.
Nat. Biotechnol. 16, 833-838.

Orr C. F., Rowe D. B. and Halliday G. M. (2002) An inflammatory
review of Parkinson's disease. Prog. Neuwrobiol. 68, 325-340.
Quary S.. Bizat N., Altairac S., Menetrat H., Mittoux V., Conde F.,
Hantraye P. and Brouillet E. (2000) Major strain ditferences in
response to chronic systemic administration of the mitochondrial

toxin 3-nitropropionic acid in rats: implications for neuroprotection
studics. Neuroscience 97, 521-530.

Ramsay R. R. and Singer T. P. (1986) Encrgy-dependent uptake of
N-methyl-4-phenylpyridinium, the neurotoxic metabolite of
I-methyl-4-phenyl-1,2,3.6-tetrahydropynidine, by mitochondria.
J. Biol. Chem. 261, 7585-7587.

Ridet J. L.. Malhotra S. K., Privat A. and Gage F. H. (1997) Reactive
astrocytes: cellular and molecular cues to biological function.
Trends Neurosci. 20, 570-577.

Sassa H., Takaishi Y. and Terada H. (1990) The triterpene celastrol as a
very poteat inhibitor of lipid peroxidation in mitochondria. Bio-
chem. Biophys. Res. Commun. 172, 890-897.

Sassa H., Kogure K., Takaishi Y. and Terada H. (1994) Structural basis
of potent antiperoxidation activity of the triterpenc celastrol in
mitochondria: effect of negative membrane surface charge on lipid
peroxidation. Free Radic. Biol. Med. 17, 201-207.

Schmidt J. A. and Abdulla E. (1988) Down-regulation of 1L-1 beta
biosynthesis by inducers of the heat-shock response. J. Immunaol.
14, 2027-2034.

Schulz J. B., Henshaw D, R., Matthews R. T. and Beal M. F. (1995)
Coenzyme Q10 and nicotinamide and a free radical spin trap pro-
tect against MPTP ncurotoxicity. Exp. Newrol. 132, 279-283.

Takuma K., Baba A. and Matsuda T. (2004) Astrocyte apoptosis:
implications for neuroprotection. Prog. Neurobiol. 72, 111-127.

The Huntington’s Disease Collaborative Research Group (1993) A novel
genc containing a trinucleotide repeat that is expanded and unstable
on Huntington’s disease chromosomes. Cell 72, 971-983.

Warrick J. M., Chan H. Y., Gray-Board G. L., Chai Y., Paulson H. L. and
Bonini N. M. (1999) Suppression of polyglutamine-mediated
ncurodegeneration in Drosophila by the molecular chaperone
HSP70. Nat. Genet. 4, 425-428.

West M. J., Slomianka L. and Gundersen H. J. (1991) Unbiased stere-
ological estimation of the total number of neurons in the subdivi-
sions of the rat hippocampus using the optical fractionator. Anat.
Rec. 231. 482-497.

Westerheide S. D., Bosman J. D., Mbadugha B. N, Kawahara T. L.,
Matsumoto G., Kim 8., Gu W., Devlin J. B, Silverman R. B.
and Morimoto R, 1. (2004) Ceclastrols as inducers of the heat
shock response and cytoprotection. J. Biol. Chem. |Epub ahead
of print).

Yenari M. A. (2002) Heat shock proteins and neuroprotection. Adv. Exp.
Med. Biol. 513, 281-299.

© 2005 Intermational Socicty for Neurochemistry, J. Neurochem. (2005) 94, 995-1004



nature, ,

medicine

© 2006 Nature Publishing Group http://www.nature.com/naturemedicine

@

ARTICLES

Functional engraftment of human ES cell-derived
dopaminergic neurons enriched by coculture with
telomerase-immortalized midbrain astrocytes

Neeta S Roy!, Carine Cleren!, Shashi K Singh!, Lichuan Yang!, M Flint Beal' & Steven A Goldman'-2

To direct human embryonic stem (HES) cells to a dopaminergic neuronal fate, we cocultured HES cells that were exposed to both
sonic hedgehog and fibroblast growth factor 8 with telomerase-immortalized human fetal midbrain astrocytes. These astrocytes
substantially potentiated dopaminergic neurogenesis by both WA09 and WAO1 HES cells, biasing them to the A9 nigrostriatal
phenotype. When transplanted into the neostriata of 6-hydroxydopamine-lesioned parkinsonian rats, the dopaminergic implants
yielded a significant, substantial and long-lasting restitution of motor function. However, although rich in donor-derived tyrosine
hydroxylase—expressing neurans, the grafts exhibited expanding cores of undifferentiated mitotic neuroepithelial cells, which can
be tumorigenic. These results show the utility of recreating the cellular environment of the developing human midbrain while
driving dopaminergic neurogenesis from HES cells, and they demonstrate the potential of the resultant celis to mediate substantial
functional recovery in a model of Parkinson disease. Yet these data also mandate caution in the clinical application of HES
cell-derived grafts, given their potential for phenotypic instability and undifferentiated expansion.

HES cells can generate all major somatic cell lineages'™3, including glia
and neurons*®. Among the latter, a variety of neuronal phenotypes
have been induced in HES-cell cultures; importantly, the instructions
for generating specific lineages appear generally conserved between
mouse and human ES cells. Midbrain dopaminergic neurons have
been selectively induced from both mouse and human ES cells, under
the dual influence of sonic hedgehog (SHH) and fibroblast growth
factor (FGF)-8 (refs. 6-9). However, SHH + FGF8-induced cultures
produce many other neuronal phenotypes, and they have generally not
achieved the high levels of dopaminergic enrichment required for
therapeutic engraftment. Coculture with stromal feeder cells and
striatal astrocytes has thus been used to accentuate dopaminergic
neuronal production in vitro”'%!!. Yet despite strong evidence for the
existence of mesencephalic glial signals for dopaminergic neuronal
differentiation and survival'>!3, no studics have yet attempted to
mimic developmental dopaminergic induction from ES cells with
mesencephalic glia. Absent such astrocyte-potentiated dopaminergic
differentiation, the most enriched dopaminergic preparations thus far
reported have comprised less then half of the total cell pool, as defined
by the fraction of tyrosine hydroxylase—expressing (TH*) neurons
among all cells.

The acquisition of more highly enriched dopaminergic populations
is an important prerequisite to using HES cell-derived dopaminergic
neurons for cell-based therapy, as non-dopaminergic neuronal deri-
vatives may yield unpredictable or deleterious neurological side-
effects, and incompletely differentiated HES cells are potentially

tumorigenic upon implantation'. We describe here a new strategy for
improving the cfficiency of dopaminergic neurogenesis from HES-cell
cultures, using coculture with tclomerase-immortalized human
fetal mesencephalic astrocytes during SHH + FGF8-mediated
neuronal induction. By this means, we achieved the high-efficiency
enrichment of dopaminergic neurons, in numbers and phenotypic
uniformity compatible with therapeutic implantation. We  then
tested the hypothesis that these highly enriched dopaminergic
preparations would provide significant functional benefit when trans-
planted into an experimental model of Parkinson disease, the
6-hydroxydopamine (6-OHDA)-lesioned rat. We found that when
engrafted into the striata of 6-OHDA-lesioned rats, these cells indeed
mediated the significant and substantial restitution of motor function
in the lesioned recipients, relative to untreated lesioned rats. However,
we also noted that the grafts exhibited phenotypic instability, with a
central diminution in dopaminergic neurons, and—even more
troubling—persistent proliferation of undifferentiated cells in the
transplant cores.

RESULTS

SHH + FGF8-exposed HES cells yield dopaminergic neurons
We cultured HES cells from the H1 and H9 cell lines as anchored
ES cells, before FGF2-dependent neuralization to stage 2, under
feeder-free culture conditions. TH* neurons were generated in the
presence of N-terminal SHH and FGF8, using minor modifications
{see Methods) of described protocols® (Fig. 1a). Al stage 3, in ITSF
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Figure 1 Dopaminergic neurons can be generated

from HES cells. (a) Outline of the serial induction a Sage 1Cuhwa HES cells
and differentiation of dopaminergic neurons l in 4 ng/mt FGF2
from HES cells. Initially undifferentiated human

embryonic stem cells are used as a substrate Stage 2

for neuralization, followed by dopaminergic 4d| Induce EBs
induction. (b,c) Formation of rosettes al stage 3. l -FGF2
These rosettes, b, primarily expressed nestin Slage 3

(red) and were highly mitotic, as indicated by
BrdU incorporation (green). Some spontaneous

differentiation to neurons could be seen at Stage 4
the edge of the rosettes, ¢. (d-f) Induction of Polyomithine, faminin
dopaminergic progenitors at stage 4, as indicated ag| in DMEMF12,N2,
by the presence of engrailed] (Engl, d), Pax2 (e) FGF2, laminin &
. - Shh 200 ng/mi,
and Otx2 (f). (g) At stage 5, TH-immunoreactive FGF8 100 ng/mi
(red) Blit-tubulin® neurons (green) were observed Cocuiture with
(seen here 7 d after initiation of stage 5). Scale human MAST
bars: b-f, 80 um; g, 40 pm.
v
Stage 5
) . o DMEMF12, N2,
medium, small rosettes comprised of divid- 1ag ] taminn 1 mgmi
ing nestin™ cells formed (Fig. 1b), many of Caculture with
. s . human MAST
which exhibited spontaneous neuronal dif-
ferentiation (Fig. 1c). When treated with Harvest cels tor
. R transplant 2 d
FGF2 + FGF8 + SHH in stage 4, the cells after inductiar of
then expressed transcription factors typical ! ditterentiation
A
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of midbrain dopaminergic progenitors,
including Pax2, Otx2 and engrailedl (Engl)
(Fig. 1d-f). Subsequent FGF2 + FGF8 + SHH withdrawal and
inclusion of BDNF + GDNF + 0.5% FBS in stage 5 resulted in the
differentiation of these cclls as TH* neurons (Fig. 1g). In H9 cultures
exposed to FGF2 with FGF8 + SHH in stage 4, 25.2 + 5.6% (mcan *
sem.) of PlI-tubulin* neurons expressed TH, compared with
11.8 + 40% in controls supplemented with FGF2 alone (n = 3
experiments, cach in triplicate). A similar pattern was seen in HI
cultures, in which 18.4 + 11.8% of the Blll-tubulin® cells exposed to
FGF2 + FGF8 + SHH during stage 4 expressed TH in stage 3,
compared with 10.7 £ 24% in controls exposed to FGF2 only
(300 cells scored per experiment, random fields; n = 3) (Supplemen-
tary Fig. 1 online).

hTERT transduction yields a line of human midbrain astrocytes

We next asked if dopaminergic neurogenesis by HES cells might be
further potentiated by inducing the dopaminergic phenotype while
concurrently recreating some of the cellular environment of the
developing ventral midbrain. We therefore sought to coculture neur-
alized HES cells with human astrocytes derived from the developing
ventral midbrain. To this end, we first established a stable line of
human mesencephalic astrocytes. The ventral midbrain of a 21-week-
gestational-age human fetus was dissected and dissociated, then
infected with a retrovirus encoding hTERT, under CMV promoter
control, placed upstream of a puromycin selection cassette under IRES
control in pBABE (ref. 15). A stable line was obtained by puromycin
selection and characterized antigenically after three passages 1 month
apart, spanning approximately 21-24 population doublings. These
cells expressed astrocytic GFAP (Fig. 2a,b) and did not express cither
early oligodendrocytic (A2B5, O4) or neuronal (BIII-tubulin) markers
(data not shown). They were passaged to 35 population doublings
before use; we have now maintained these cells for over 2 years
in continuous culture as a stable line that we have designated
human midbrain astrocyte-hTERT (hMAST-TERT) cells. In
addition to hMAST-TERT cells, we also generated a line of hTERT-
immortalized astrocytes from the rostrolateral neocortical plate of

a 22-week fetus, similarly designated as human forebrain astrocyte—
hTERT (hFAST-TERT) cells.

Midbrain glia potentiate dopaminergic differentiation
hMAST-TERT cells substantially enhanced TH*DAT* (dopamine
transporter*)-defined dopaminergic differentiation from HES cells
(Fig. 2¢c-h). When H9 cultures were exposed to FGF2 + FGF8 + SHH
in stage 4, then cocultured with inserts bearing confluent
hMAST-TERT midbrain astrocytes, the proportion of TH* neurons
increased from 11.8 + 4.0% to 39.6 + 4.6% (P < 0.05 by ANOVA
with post hoc Bonferroni t-tests; F = 15.15 [4, 44 d.f]; for each
culture condition tested, a minimum of 300 cells were scored
from each of triplicate wells, and cach experiment was repeated
at least three times) (Fig. 2i). More notably, when FGF2 + FGF8 +
SHH-exposed HES cells were cocultured continuously with
hMAST-TERT cells from induction through differentiation, the pro-
portion of TH' neurons increased to 67.4 * 12.1%. This
was a significantly higher proportion of TH* neurons than was
noted in cultures raised with hMAST-TERT cells only in stage 5
(P < 0.05) or in cultures exposed only to FGF2 + FGF8 + SHH
(P < 0.01) (Fig. 2j).

H1 cultures yielded results analogous to those obtained with H9.
When H1-derived neural progenitors were raised in FGF2 + FGF8 +
SHH at stage 4 and differentiated in hMAST-TERT coculture at
stage 5, 27.7 + 3.6% of Plll-tubulin® ncurons expressed TH, sig-
nificantly more than in cultures exposed only to FGF2 (P < 0.01 by
ANOVA with post hoc t-tests; F = 12.15 [4, 10 d.f.]). When hMAST-
TERT cocultures were included at both stages, the proportion of
TH* neurons increased 10 46.7 + 16.3% of all BllI-tubulin* neurons
(P < 0.01 compared with FGF2 + FGF8 + SHH alone) (Supplemen-
tary Fig. 1). In addition, the fraction of Blll-tubulin* neurons in
the overall population was significantly higher among HES cells
cocultured with hMAST-TERT cells than in controls maintained in
FGF2 or FGF2 + FGF8 + SHH alonc during stage 4. However,
HES cells exposed only to hMAST-TERT cells, without benefit of
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FGF2 + FGF8 + SHH, exhibited no more TH* neurons than did
cultures maintained only in FGF2 at stage 4—despite manifesting
a higher overall proportion of Blll-tubulin® neurons. Together,
these data suggest that besides supporting neuronal survival'?, mid-
brain astrocytes specifically potentiated dopaminergic induction
and maintenance.

We also assessed the incidence of serotonergic and GABAergic
neurons in these cultures, given the developmental cogeneration
of these phenotypes in the ventral mesencephalon (Supplementary
Fig. 2 online). Serotonergic cells, defined as those that were
5-hydroxytryptamine-immunoreactive (SHT*), respectively consti-
tuted 0.7 £ 04% and 1.6 £ 0.7% of all Blll-tubulin® neurons
in FGF2 + FGF8 + SHH + hMAST-exposed H9 and HI cultures
(500 cells scored per experiment, n 3). Similarly, GABA*
neurons comprised 2.6 £ 1.0% and 4.1 1.7% of all neurons
in FGF2 + FGF8 + SHH + hMAST-exposed H9 and HI
cultures, respectively.

+

@ © 2006 Nature Publishing Group http://www.nature.com/naturemedicine
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Glia-mediated dopaminergic differentiation is region specific

Regional heterogeneity among astrocytes has been demonstrated in
regard to their expression profiles, factor responsiveness and cyto-
skeletal composition, among other features'®?!. To determine if
midbrain astrocytes are specifically competent to induce dopaminergic
neurons from neural progenitors, we compared the relative efficiencies
of mesencephalic and cortical astrocytes in potentiating dopaminergic
neurogenesis. To this end, HES cells were cocultured with either the
midbrain or cortical astrocyte lines described earlier. No significant
difference was found in the effect of midbrain or cortical astrocytes
with respect to the proportion of neurons generated by HES cells
(Fig. 2k,1): when the cultures were exposed to astrocyte inserts during
both stages 4 and 5, the proportion of BIlI-tubulin® neurons rose to
24.9 £ 2.2% for cultures raised with midbrain astrocytes and 30.1
2.8% for those exposed to cortical astrocytes (Fig. 2k). In contrast, a
significant difference was noted in the proportion of TH* neurons
generated in the presence of forebrain and midbrain astrocytes.
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Figure 2 hTERT-immortalized human midbrain glia potentiate dopaminergic induction by FGF8 + SHH. (a,b) Human fetal mesencephalic astrocytes,
derived from a 22-week-gestational-age fetus, were immortalized using a retroviral vector encoding human telomerase reverse transcriptase (RTERT).
After puromycin antibiotic selection, the line (hMAST) was propagated through serial passage. At approximately 56 population doublings (b) its cells
homogeneously expressed the astrocytic marker glial fibrillary acidic protein (a, green}. (c) Human fetal astrocytic coculture substantially potentiated the

SHH + FGF8-mediated induction of dopaminergic neurons from HES cells, as indicated by the expression of TH (green) by most f11)-tubulin™ neurons (red)
within 3 weeks of induction. (d) TH expression in stage 5 cultures typically colocalized with that of the dopamine transporter (DAT, red: double-labeled cells
orange). {e-g) Low- {e,f) and high- (g) power images of Blli-tubulin* neurons (green) expressing TH (red), following serial induction and differentiation in
hMAST coculture. Virtually all Blll-tubulin® neurons in these cuitures expressed TH by 4 weeks after differentiation (stage 5). (h) Most TH* cells (green)
expressed Girk2 (red; double-labeled cells yellow), which is preferentially expressed by A9 nigrostriatal neurons. The astrocytic potentiation of dopaminergic
neurogenesis was specific to midbrain glia. (i j) The percentage of plIl-tubulin* neurons among all celis (i), and the percentage of TH* cells among all llI-
tubulin® neurons (j). Each bar represents a different set of induction and differentiation conditions during stages 4 and 5. In i, *P < 0.01 when compared
with FGF2 only, and **P < 0.01 compared with factor exposure alone, or factor exposure with hMAST-TERT coculture in stage 5. In j, *P < 0.05 compared
with hMAST-TERT coculture in stage 5 only, **P < 0.01 compared with FGF2 + FGF8 + SHH exposure and ***P < 0.01 compared with FGF2 only.

(k.1) Comparison of the influence of midbrain and cortical astrocytes on the proportion of Blli-tubulin* neurons (k), and on the percentage of TH™ cells among
those Biil-tubulin® neurons (I). In k, *P < 0.01 compared with coculture with h(MAST-TERT in stage 5 only. In |, P < 0.05 compared with coculture with
cortical hAMAST-TERT through stage 4 and 5. The data in i,j were derived from passage 31-35 cells, whereas those in k,| were obtained from cells at
passages 44-48. As the fraction of neurogenic embryoid bodies in H9 cultures declined with passage, the proportion of dopaminergic neurons, relative

to the tolal population, was lower in k than I. A, immortalized astrocytes; BM, basal medium; 8, FGF8. Scale bars: a-d and g-h, 50 pm; e.f, 200 pm.
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Figure 3 6-OHDA-lesioned rats given dopaminergic grafts exhibited functional benefit. (a) Inverse correlation between the 6-OHDA concentration used

and the level of dopamine in the striata of lesioned rats. (b) Apomorphine-induced rotations in 6-OMDA-lesioned rats {ransplanted with HES cells (n = 6),
compared with their lesioned but untreated controls (vehicte-only; n = 5). The implanted rats showed a decrease in apomorphine-induced rotations with time
(P < 0.01). (c) Adjusting-step test results for 6-OHDA-lesioned rats treated with either dopaminergic grafts or vehicle control. The graph plots for each

forelimb the number of adjusting steps taken during 5 s while being moved O.

9 m. The transplanted rats performed equally with either paw, whereas the

untransplanted rats used the contralateral paw more than the ipsilateral one (***P < 0.001). (d) Data from the cylinder test, in which the number of times
each forelimb was used for landing after rearing for 10 min was scored. Both groups used either paw with equal frequency.

Coculture with hMAST-TERT midbrain astrocytes throughout stage 4
and 5 yielded cultures containing 53.7 + 5.5% TH* neurons, a
significantly higher incidence of TH* cells than was noted in prepara-
tions cocultured either with hMAST-TERT cells at stage 4 only, or
with cortical hFAST-TERT astrocytes at stages 4 and 5 (P < 0.01 for
each comparison, by ANOVA with post hoc Bonferroni comparisons
(F = 16.48 {5, 30]) (Fig. 21). These data indicate that whereas both
midbrain and cortical astrocytes enhanced neuronal maturation and
survival, only midbrain astrocytes specifically potentiated dopaminer-
gic phenotype.

Most dopaminergic neurons are of A9 nigrostriatal phenotype
We next assessed the specific types of dopaminergic neurons generated
from hMAST-TERT exposed HES cells. A9 neurons of the substantia
nigra pars compacta (SNpc) and A10 neurons of the ventral tegmental
area (VTA) are the two major subtypes of midbrain dopaminergic
neurons; only the A9 phenotype is lost in Parkinson discase.
The G protein—gated inwardly rectifying K* channel Girk2, which
within the midbrain is expressed only by TH* A9 neurons?223, was
used to identify A9 neurons, and calbindin-D 28K (CD28k), which is
expressed by dopaminergic necurons of the tegmentum but not
the SNpc (refs. 22-24), was used in tandem with TH to identify
Al0 neurons.

In both H9- and Hl-derived cultures raised in hMAST-TERT
coculture, most TH* neurons expressed Girk2 (Supplementary
Fig. 3 online). These apparent A9 nigral neurons comprised 71.2 &
14.6% and 83 t 7.5% of TH* neurons in H9 and H1 cultures,
respectively (n = 3; 300 scored cells per experiment). In contrast, the
A10 marker CD28k was expressed by only 4.9 £ 2.7% and 6.1 + 2.9%
of TH* neurons in H9 and H1-derived cultures, respectively.

HES cell derived TH* neurons were functional in vitro

Both H9 and HI-derived dopaminergic neurons achieved functional
maturation in culture. This was first evident from the expression of
dopamine transporter {DAT) by all scored TH* neurons (n = 300)
after 1 week at stage 5, after generation in FGF2 + FGF8 + SHH +
hMAST-TERT (Fig. 2d and Supplementary Fig. 1). HPLC revealed
high levels of basal dopamine release from both H9- and Hl-derived
dopaminergic neurons, after 7 weeks in stage 5: H9- and Hl-derived
cultures contained 10.2 *+ 0.2 ng/ml and 7.7 + 1.5 ng/ml dopamine,
respectively, 12 h after medium change (mean + sem., n = 3
experiments). The HES cell-derived ncurons also demonstrated

dopamine release in response to KCI depolarization (Supplementary
Fig. 3): H9 cells released 5.9 + 1.4 ng/ml dopamine in response to KCl,
compared with 0.6 = 0.1 ng/ml in no-KCl controls (n = 3 experi-
ments; P < 0.01 by Student’s t-test). Similarly, H1-derived dopami-
nergic cultures released 2.6 + 0.2 ng/ml of dopamine in response to
KCl, significantly more than the 0.3 £ 0.02 ng/ml in cultures not
exposed to KCl (n = 3; P < 0.05, Student’s -test).

6-OHDA yields a dose-dependent reduction in striatal dopamine
We next assessed the ability of these highly enriched dopaminergic
progenitor preparations to ameliorate the behavioral deficits of
experimental Parkinson discase. To this end, we generated adult rats
with chemical lesions of the nigrostriatal pathway, using a single
intraventricular injection of 6-OHDA hydrobromide (100 pg/7 pl;
n = 6). Before assessing the effects of dopaminergic engraftment in
these rats, we verified that 6-OHDA induced a dose-dependent
reduction in ncostriatal dopamine dopamine in the ipsilateral stria-
tum (one-way ANOVA, P < 0.001): intrastriatal injection of 50,
100 or 200 ug/7 pl of 6-OHDA reduced the levels of dopamine in the
ipsilateral striatum by 48%, 85% and 99%, respectively (P < 0.05).
Only at 200 pg/7 pl of 6-OHDA was a significant (P < 0.05)
depletion (90%) observed in the contralateral striatum. A dose of
100 pug/7 pl was thus chosen, as it induced dopaminergic
depletion ipsilaterally without significantly altering contralateral dopa-
mine levels (Fig. 3a).

Extrapyramidal dysfunction normalizes after transplantation
Having validated this model of striatal dopaminergic depletion,
we transplanted 6-OHDA-lesioned rats with 500,000 H9-derived,
FGF2 + FGF8 + SHH + hMAST-TERT-induced dopaminergic
neurons (n = 6), or with a cell-free, PBS control (n = 5). In
addition, four rats were implanted with 500,000 naive H9 HES
cells, with no antecedent induction of dopamincrgic phenotype.
The rats were then challenged with apomorphine (2.5 mg per kg
body weight, intraperitoneal (i.p.)), which induces rotations
contralateral to the lesioned side in rats with unilateral striatal
loss; these rotations reflect unbalanced output from the unlesioned
striatum, and may be scored as such?®. Importantly, apomorphine-
induced rotations carrelate to the underlying degree of nigrostriatal
loss and dopaminergic depletion, and may reflect the neuro-
chemical anatomy more than alternative testing agents such as
amphetamine26:27,
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We found that the untreated 6-OHDA-lesioned rats developed
apomorphine-induced rotations within a month of lesion, and con-
tinued 1o cxhibit sustained rotations in response to apomorphine for
the entire 10 weeks of assessment. In contrast, by 6 weeks after
transplantation, rats given H9-derived dopaminergic grafts exhibited
significantly fewer apomorphine rotations than their unimplanted
controls (P < 0.05 by one-way ANOVA,; F == 9.77 [1, 9 d.f]), and this
difference was sustained at 8 weeks (P < 0.05 F = 10.64 [1, 9 d.f.])
(Fig. 3b). Notably, rats transplanted with H1-derived dopaminergic
cells likewise exhibited substantial improvement in the rotation
challenges, manifesting a significant decrease in the number of
apomorphine-induced rotations compared with their unimplanted
controls, at both 6 (P < 0.01, F = 31.53 {8 d.f.] and 8 weeks
(P < 0.05, F = 592 [8 d.£]) after transplant (Supplementary Fig. 4
online). Thus, axial [unction improved in 6-OHDA-lesioned rats alter
intrastriatal transplantation, and this effect was noted using both H9
and H1-derived dopaminergic grafts.

Appendicular function also improved in the implanted rats relative
to their controls. In the adjusting step test®?%, rats transplanted with
H9-derived dopaminergic grafts performed equally with either paw,

ARTICLES

whereas their unimplanted but lesioned controls strongly preferred
using the contralateral paw (P < 0.001 by one-way ANOVA;
F = 14,56 [1, 28]). The total number of steps taken with both paws
did not differ between the two groups, indicating similar levels of
motor activity (Fig. 3¢). In the cylinder test®*3!, a measure of forelimb
preference during vertical exploration, the transplanted rats used
either paw with equal frequency for landing after rearing, not
exhibiting the asymmetry in this test manifested by their lesioned
but unimplanted controls (Fig. 3d).

HES-derived dopaminergic cells engraft as TH* neurons

Ten weeks after engraftment, the rats were killed and their brains
analyzed, to assess the incidence and maintenance of dopaminergic
phenotype in the grafts. To correlate the behavioral performance of
each lesioned rat to its treatment and dopaminergic engraftment,
sagittal sections were taken and scored for (i) the mediolateral spread
of the xenografted cells, as identified by their expression of human
nuclear antigen (HNA); (ii) the number of cells engrafted; and (iii) the
number of HNA* donor cells expressing TH. In this context, we noted
extensive engraftment of the donor-derived HNA' cells in all six H9

—

(10%)

Xenografted cells/mm?
oB823335833

Total  TH- cells

Figure 4 HES celi-derived progenitors dispersed and differentiated as TH' neurons in lesioned striatum. (a) Dopaminergic differentiation could be seen as
early as 4 weeks after transplant. Transplanted cells engrafted extensively in the striatum and on analysis of serial sections were observed to have spread
1.59 1 0.57 mm across the mediolateral axis. Shown here is a low-power sagit'al image of a xenograft localized with antibody to human nuclear antigen
(HNA, red). Most of the TH™ neurons {(green) are observed at the graft edge. LV, lateral ventricle, STR, striatum; Xeno, xenograft. (b,c) High-power images of
HNA" (red) TH™ (green) neurons at the xenogralt edge corresponding to the areas denoled by an asterisk in a and i. (d) Some TH* neurons (arrow) migrated
away from the xenograft core. (e-h) Confocal oplical sections of HES cell-derived TH* neurons (HNA, red; TH, green} confirming that TH* neurons were
donor derived. Grafts in e, f are derived from H9 cells, those in g,h from H1. (i) Distribution of transplanted cells in sagittal rat brain sections at different
points along the mediolateral axis. In this brain, cell engraftment spanned at least 2.5 mm. Asterisk corresponds to the graft area in a-d. (j) Average density
of both total engrafted cells and TH* engrafted cells in six rat brains. The density of TH* neurons exceeded 20,000/mm3 within the transplant bed. Scale: a,

450 pm; b, 180 um; ¢,d, 60 pm; e-h, 30 um.
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HES cell-transplanted striata analyzed (Fig. 4). The donor cells were
dispersed over an average radius of 1.6 + 0.6 mm, and the mean
number of HNA* nuclei/mm? within each was 136,726 t 23,515
(Fig. 4i,j). Efficient generation of TH* neurons was observed in all

Figure 5 Dopaminergic differentiation by donor cells is associated with host
astroglia. Pronounced colocalization was observed belween regions of host
glial response and sustained dopaminergic differentiation. (a,b) Low-power
image of the entire xenograft (HNA, red). A dense population of reactive
host astrocytes (GFAP, green) can be seen localized in and around the edges
of the xenograft. Note the low density and low morphological complexity

of the GFAP-expressing host astrocytes in areas away from the xenograft
(arrow). (c) A high-power image of host astrocytes (green) interspersed

with nuclei (HNA, red) of xenografted cells (white boxed area in a). (d) An
adjacent section showing the presence of TH™ neurons (green) overlapping
with areas rich in reactive host astrocytes (green boxed area in a). (e)
Percentage of cells expressing TH in different areas of the xenograft. A
significantly higher relative proportion of TH* neurons, 65.0 + 10.0%, was
observed within the graft periphery, in proximity to reactive host astrocytes.
Scale bars: a, 300 ym; b, 120 pm; ¢, 60 um; d, 30 um.

sections from three rats per group; Fig. 5e). Notably, rats with fewer
engrafted cells had higher proportions of TH* neurons, possibly
because a greater fraction of their donor cells lay in proximity to
host astrocytes. This observation likely contributed to the lack
of correlation between the number of engrafied cells and
the behavioral outcomes of individual rats, at least as assessed by
apomorphine rotations.

Centrai loss of TH* cells and undifferentiated expansion occurs

We next sought to define the cellular phenotypes within the non-
dopaminergic central cores of these xenografts. Though gliosis in
association with foamy macrophages and some local necrosis were
observed, no evidence of teratoma or overt anaplasia was seen in any
sections sampled from the six H9 and three H1 engrafted brains, each
of which was sampled 70 d after transplantation (Fig. 6a). However,
some mitotic figures were noted, prompting us to analyze mitosis
among the engrafted population, using histone-3 and PCNA
immunolabeling as well as 5-bromodeoxyuridine (BrdU) incorpora-
tion in vive. To this end, we injected three transplanted rats with BrdU
68 d after implantation (every 12 h, three times beginning 48 h before

© 2006 Nature Publishing Group http:/fwww.nature.com/naturemedicine

rats, which harbored 27,185 + 4,226 TH* cellsfmm? (range: 14.904-
43,234 cellsfmm’) (Fig. 4j). However, the donor-derived TH* cells
la.l preferentially localized to the donor-host interface in every graft

death). Among all donor cells in the transplant beds of these
H9-implanted rats, 66 * 16% showed BrdU incorporation
(Fig. 6c,d), suggesting a daily mitotic incidence of roughly 4%.
Fewer cells, < 1%, cxpressed histone-3, a marker of M phase, whercas
1.48 1 0.7% of the counted cells expressed PCNA, a broader marker of

oW evaluated (Fig. 4a,b). Analogous assessment of three brains trans-
=" planted with H1 HES cell-derived celis revealed efficient engraftment

of TH" cells in all three brains, and invariably remained within the
recipient striata; these similarly localized to the graft-recipient inter-
face (Supplementary Fig. 4). Confocal imaging confirmed that somal
TH expression in both H1 and H9-derived grafts was donor-derived,
in that TH* cell bodies were uniformly HNA* (Fig. 4e-h).

Dopaminergic phenotype is maintained in gliotic border zones

Histological analysis revealed that each xenograft, including both the
H9- and Hl-derived implants, was surrounded by host-derived
reactive astrocytes (Fig. 5a—c and Supplementary Fig. 4). These glia
directly abutted the TH* neurons in the graft, typically within each
graft’s periphery. To better describe the relative distribution of TH'
neurons, we scored the incidence of THY neurons in each transplant
core, relative to its periphery. We noted a strong correlation between
the local proportion of HES celis differentiating as TH* neurons and
their proximity to GFAP* host astrocytes (Fig. 5d). Thus, whereas the
proportion of TH* neurons among all donor cells was 21.5 + 3.0%
at 10 weeks, the distribution of TH* cells within each graft was
nonuniform: 65.0 + 10.0% of cells within the peripheral 0.2 mm of the
grafts expressed TH, but only 9.8 £ 2.9% of cells within the transplant
cores did so (P < 001, F = 31.69 [1, 16 d.f}; n = 9 scored

active division (Fig. 6c,d). The H1 transplanted brains showed a
similar incidence of both PCNA* and BrdU-incorporating cells
(Fig. 6f,g), indicating that the persistence of donor cell division was
not a function of cell line.

To establish whether the dividing cells within these grafts included
remnant pluripotent HES cells, we immunostained for a panel of
undifferentiated HES-cell markers that included nanog, SSEA-4 and
Oct-4. These immunostains revealed no evidence of persistent plur-
ipotent HES cells in brains transplanted with cither H9- or H1-derived
dopaminergic grafts (data not shown). However, a large fraction of
cells, largely localized at center of each graft in both H9- and HI-
transplanted brains, expressed the immature neural proteins nestin
and musashi, suggesting the immature neuroepithelial lineage of these
cells (Fig. 6b.e). Thus, a cohort of actively dividing HES cell-derived
neuroepithelial cells appeared to persist within the transplants, and
were likely responsible for their sustained undifferentiated expansion.

To compare the behavior of transplanted SHH + FGF8 + hMAST-
TERT-generated dopaminergic neurons with naive HES cells, we then
implanted four 6-OlHDA-lesioned rats with stage 1, undifferentiated 1
HES cells, of both H1 and H9 origin. Clinical deterioration of all four
of these rats precluded their behavioral analysis; all were killed instead
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at 4 weeks. Histology revealed overtly neoplastic tumor masses in each
rat; all four exhibited high rates of antemortem BrdU uptake, as well
as both histone-3 and PCNA expression, of >10% cach (Supple-
mentary Fig. 5 online). Antigenically, these tumors were primitive
and relatively homogeneous; most cells coexpressed the prototypic
ES markers SSEA-4 and Oct-4 as well as abundant nestin expressing
cells. As such, these undifferentiated HES cell-derived tumors were
antigenically and anatomically distinct from the nestin® graft cores
observed after implantation of SHH + FGF8 + hMAST-induced
dopaminergic progenitor cells. Whereas the former appeared to
comprise highly neoplastic tumors of primitive, still-pluripotent
HES cells, the latter appeared to arise from the slower expansion
of a non-anaplastic neurocpithelial lincage. Nonetheless, these
neuralized cells appeared to sustain undifferentiated expansion
until the time point of death and histologic observation, 10 weeks
after transplant.

DISCUSSION
These results indicate that mesencephalic astroglial coculture may be
useful in driving dopaminergic neurogenesis from HES cells, and they
demonstrate the ability of these cells to mediate functional improve-
ment in an experimental model of Parkinson disease. Yet these
findings also suggest the need for caution in this approach, given
the phenotypic instability and potential for undifferentiated donor cell
cxpansion that we observed, often in many of the same rats that
exhibited neurological improvement after dopaminergic engrafiment.
In the first phase of this study, we addressed the need to achieve
higher efficiency enrichment of dopaminergic neurons from HES cells,
by attempting to better replicate the in vivo environment of the fetal
mesencephalon during SHH + FGF8-mediated dopaminergic induc-
tion. To this end, we generated a telomerase-immortalized line of
human ventral midbrain astrocytes that strongly potentiated dopami-
nergic neuronal differentiation from HES cells of both the H9 and H1
cell lines: when embryoid bodies were generated in mesencephalic glial
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Figure 6 HES cell-derived dopaminergic grafts exhibit persistent
undifferentiated expansion. (a) Hematoxylin and ecsin~stained view of
graft border in rats transplanted with H9 HES cell-derived dopaminergic
progenitors. (b) These grafts of induced dopaminergic cells exhibited no
teratoma, but rather manifested an expanding core of nestin-expressing cells
(b, red) among the xenografted celis (HNA, green). (c.d) Of the engrafted
cells (HNA, red), 6.6 + 1.6% incorporated BrdU (c, left panel, green),

and 1.5 = 0.7% expressed PCNA (c, right panel, green), whereas < 1%
expressed histone-3, an M-G2-restricted marker (c, middle panet, green).
(e) Nestin* {(green) donor cells were also abundant in the grafls of rats
transplanted with H1-derived dopaminergic progenitors. (f.g) Proliferating
celis, as indicated by BrdU incorparation (f, green arrow) and PCNA
immunostaining (g, green, arrow) were observed in rats transplanted with
H1-derived dopaminergic cells. Scale bars: a, 60 pm; b, 20 pm; ¢, 30 pm;
e-g, 50 pm,

coculture with concurrent FGF8 + SHH induction, TH' neurons were
by the far the most common neuronal phenotype produced, compris-
ing over 60% of all neurons by 4 wecks. Of note, by propagating cells
in conditioned media under feeder-frec conditions, and then cocul-
turing with human mesencephalic h(MAST-TERT astrocytes in stage 4
and beyond, we were able to generate human dopaminergic neurons
under largely humanized conditions, with minimal exposure to
animal cells.

On the basis of these results, we then assessed the utility of enriched
dopaminergic cells as therapeutic vectors, by transplanting HES cell-
derived dopaminergic progenitors to 6-OHDA-lesioned rat striata.
We observed excellent graft acceptance and sustained survival with
cyclosporine immunosuppression, which was associated with sub-
stantial functional benefit. Indeed, among those lesioned rats that
received H9-derived dopaminergic grafts, all exhibited robust engraft-
ment by TH* donor-derived neurons when assessed 10 weeks after
transplantation. Histologically, 27,185 + 4,226 TH* cells/mm? were
scored in the recipient striata, among the 136,726 t 23,515/mm?
donor-derived cells in these grafts. These numbers compare very
favorably with past studies that have noted functional improvement
after dopaminergic transplantation. For instance, when monkey ES
cell-derived dopaminergic neurons were allografted into MPTP-
lesioned adult cynomolgus monkeys, treatment-associated behavioral
improvement was similarly noted within 10 weeks®2. These monkeys
had received enriched dopaminergic grafts, the result of in vitro
differentiation in media supplemented with FGF-20 and conditioned
by a permissive stromal cell line. Nonetheless, only 2,130 dopaminer-
gic neurons were reported to survive among the 300,000-600,000
injected per striatum, indicating that <1% of the injected cells
survived the 14 wecks until death as dopaminergic neurons.
The net dopaminergic engrafiment of our transplanted rats was
thus almost tenfold that which sufficed to yield a behavioral improve-
ment in the lesioned monkey. The differences between these
species and models notwithstanding, our relatively efficient dopami-
nergic engraftment was clearly associated with strong functional
results. Behaviorally, we observed a significant, substantial and func-
tionally meaningful improvement in the motor performance of
engrafted 6-OHDA-lesioned rats relative to their lesioned but
untreated controls. These data indicated that coculture of HES cells
with telomerase-immortalized human mesencephalic astrocytes
strongly potentiated dopaminergic ncurogenesis, that these cells
could efficiently engraft as dopaminergic ncurons, and that they
were competent to ameliorate the behavioral deficits of striatal
dopaminergic denervation.

These promising results were unfortunately accompanied by several
potentially disturbing outcomes. First, we noted that the incidence of
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neurons manifesting dopaminergic antigenicity fell sharply over a
month in vive; this was especially remarkable in light of the highly
enriched nature of these cells at the time of implantation, and raised
the possibility that the maintenance of the dopaminergic phenotype
could not be assumed even after successful enrichment and engraft-
ment. Second, the diminution in proportion of TH* neurons as a
function of time suggested the possibility of a dilution of surviving
dopaminergic neurons by the selective expansion of an undifferen-
tiated, mitotically active cohort within the implanted pool. This
appears to have been the case, in that undifferentiated expansion of
ES cclls was reproducibly noted within otherwise successfully inte-
grated grafts. Although we noted no evidence of either histological
anaplasia or persistent antigenically defined undifterentiated ES cells
in these grafts, and even though their mitotic indices appeared
relatively low as defined both by histone-H3 and BrdU immunolabel-
ing, their persistent, uncontrolled and grossly homogeneous expan-
sion over a 10-week span before the animals were killed nonetheless
suggested graft-associated tumorigenesis. The cellular composition of
these grafts reflected an abundance of primitive neuroepithelial cells
that were immunoreactive for the early neuroepithelial transcript
nestin, but largely immunonegative for astrocytic GFAP, which was
instead localized to the graft borders and appeared to be largely of host
origin. The lack of GFAP immunoreactivily argued also against the
possibility that hMAST-TERT cells, which are strongly GFAP*, had
somehow escaped the confines of their culture inserts to contaminate
the HES cell-derived grafts. Furthermore, the dopaminergic-enriched
grafts contained no cells immunoreactive for SSEA4, Tra-1, Oct-3 or
nanog, implying that ongoing undifferentiated expansion within these
HES cell-derived grafts was due not to persistent pluripotent cells, but
rather 1o already neuralized cells that failed to complete terminal
neuronal or glial differentiation before transplant.

The expansion of undifferentiated ncural precursors after host
engraftment, despite otherwise compelling therapeutic benefit, poses
a strong cautionary note for the use of unpurified neural derivatives in
clinical transplantation. At present, we have no data to indicate
whether those undifferentiated cells persisting beyond our 10-week
survival point would eventually differentiate and exit the cell cycle, or

or with minimal restraint, ultimately leading to tumor formation.
Given this uncertainty, our results suggest the need for isolating
terminally differentiated phenotypes, or at least their fate-restricted
progenitors, as a prerequisite to transplanting HES cell-derived neural
cells into the adult central nervous system. In particular, these late
complications of otherwise successful HES cell-derived dopaminergic
grafts suggest the wisdom of establishing strategies not only for high-
efficiency dopaminergic neurogenesis, but also methods for ridding
the resultant preparations of any remaining undifferentiated cells3.
Furthermore, the progressive restriction of TH activity to the graft
periphery indicates the need to actively sustain the mature phenotype
of those dopaminergic neurons that do engraft, and suggest the likely
wealth of information to be gleaned from studying the host-graft
interaction at its interface.

@whcthcr they would instead continue to divide either autonomously

METHODS

HES cell culture. HES cells of the H9 and H1 lines were provided by Geron and
WiCell, respectively. 19 cells were cultured on Matrigel (Becton-Dickinson,
USA), and fed daily with FGF2 (4 ng/ml; Invitrogen)-supplemented condi-
tioned medium obtained from irradiated mouse embryonic feeder cells
(MEFs). The HES cells were passaged every 7-14 d, or when 8096 confluent.
At cach passage, the cells were treated with collagenase type IV (200 U/ml;
Invitrogen) for 10 m, gently scraped from the culture dish, then split 1:3-1:4
onto Matrigel-coated six well plates. The cells were fed every 24 h with

KO-DMEM (Invitrogen) supplemented with 209% KO-Serum replacement
(KO-medium), and FGF2 (4 ng/ml; Invitrogen). In contrast, H1 cells (WiCell)
were grown on irradiated MEFs (see Supplementary Methods online) and
maintained in KO-medium supplemented with 4 ng/ml FGF2.

Induction and differentiation of dopaminergic ncurons. Dopaminergic
neurons were induced from HES cells using a modification of a previously
published protocol®? (Fig. 1a). Briefly, at 80% confluency, HES cell cultures
were dissociated to form embryoid bodies. These bodies were generated by
scraping collagenase-treated HES cells and suspending them in Ultralow cluster
six-well plates (Corning) in KO-medium without FGF2 for 4 d. Embryoid
bodies thus obtained were mechanically triturated and plated on tissue culture
dishes in serum-free medium supplemented with insulin, transferrin, selenite
and fibronectin (ITSF medium)*. The cultures were maintained in this
medium for 10 d, with medium changes every 3 d.

For induction of dopaminergic progenitors, cells were collected by mecha-
nical trituration following 0.05% trypsin (Invitrogen) + EDTA dissociation.
The cells were transferred to polyornithine + 1 pg/ml laminin (BD)-coated
plates in DMEM-F12 supplemented with N2 (Invitrogen), laminin (I pg/ml)
and FGF2 (10 ng/ml). Some cultures were also exposed to the N-terminal active
fragment of human SHH (200 ng/ml; provided by Curis, Inc.) and FGF8 (100
ng/ml; R&D), cultured in the presence or absence of immortalized hTERT-
overexpressing human midbrain astrocytes (hWMAST-TERT cells; see below).
Medium with fresh supplements was partially replaced every 3 d. Dopaminergic
differentiation was induced after 6-8 d, by withdrawing SHH and the FGFs,
and replacing with DMEM-F12 + N2 supplemented with GDNF (20 ng/ml),
BDNF (20 ng/ml) and 0.5% FBS (basal medium, BM), Fresh inserts of hAMAST-
TERT cells were added to some wells at this point. For transplantation, cells
were harvested after 2 d in differentiation conditions, whereas for assessing
dopaminergic differentiation, plates were fixed after 7-14 d.

Generation of immortalized hTERT overexpressing astrocyte lines. Human
fetal tissue was obtained under a protoco! approved by the institutional review
board of the Weill Medical College of Cornell University, and informed consent
for its research use was obtained from donating women. Midbrain or cortical
tissues were dissected out from human 21-22 week gestational brains in Ca?*-
and Mg?'-free Hanks balanced salt solution (I4BSS), then minced and
dissociated into single cell suspension culture, as described (see Supplementary
Methods). The cells were then plated in DMEM-F12 + NI (Sigma) supple-
mented with 10% FBS, and distributed into six-well tissue culture dishes at 10®
per well. Tor telomerase immortalization, the cells were then infected with
VSVg-pseudotyped retrovirus encoding hTERT in pBABE-puro under CMV
control (courtesy of M. Carpenter, Geron Corp.)'3. Fresh viral supernatant was
added every 8 h for 1 d with 8 pg/ml polybrene. The cells were then split to
lower densities to decrease the number of transfectants per culture dish. 1-2
weeks later, transduced cells were selected in | ug/mi puromycin (Sigma) for 2
weeks, Successful selectants were isolated using sterile cloning rings and
propagated in DMEM-F12 + N1 + 10% FBS. Once lines were propagated in
sufficient numbers, their astrocytic identity was confirmed by immunocyto-
chemistry for GFAP, A2B5 and S100p.

HES cell + hMAST-TERT coculture. hMAST-TERT astrocytes were cultured
on 0.4 pm filter inserts (Corning) for 3 d in DMEM-F12 + N1 + 10% FBS,
or until 70-80% confluent. For use, the hMAST-bearing inserts were rinsed
with DMEM-F12 and placed in wells so as to overlay each HES celi-derived
culture. After every 7 d, the inserts were replaced with freshly prepared inserts.
The total amount of medium used was 1.8 mi per well for 12-well plates (0.4 ml
in insert, and 1.4 in well) and 0.9 ml per well for 24-well plates (0.2 ml in insert,
0.7 ml in well). These volumes immersed each insert membrane, without
allowing any medium from that transwell to contact medium in its parental
well. Using the same medium volumes, hMAST-TERT-bearing inserts werc
also placed into cell-free control wells that were verified by phase microscopy as
having no contaminating hMAST-TERT cells after a week. All media were
changed every 3 d.

6-Hydroxydopamine lcsions. Adult male Sprague-Dawley rats (8 weeks
old, 250 g. Taconic) were used for cell transplantation following
6-OHDA lesion, following protocols approved by the institutional animal care
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and use committee of the Weill Medical College of Cornell University. To
determine the optimum dose of 6-OHDA needed 1o clicit maximum ipsilateral
striatal dopamine loss without contralateral extension or lethality, we first
titrated 6-OHDA dose against striatal dopamine level and mortality. In this set
of experiments, rats were anesthetized with 100 mg/kg ketamine + 10 mg/kg
xylazine i.p. before injection with 6-OHDA HBr (Sigma) into the right ventricle
(AP: -1; ML: -1.5; DV: -3.2, relative to Bregma). The 6-OHDA HBr was
dissolved in 0.9% NaCl with 0.05% ascorbic acid, at 50, 100 or 200 pg in 7 pl.
Either | or 3 months later, the rats were killed for histology. Dopamine levels of
their dissected striata were determined by HPLC, as noted (see Supplementary
Methods). 100 pg/7 pl 6-OHDA was determined to achieve ipsilateral dopa-
mine depletion without significant lethality (Fig. 3a).

Determination of dopamine level by HPLC. Measurement of dopamine
secreted in vitro was performed by HPLC. Conditioned medium was collected
after overnight exposure to cells in the seventh week of stage 5. For depolariza-
tion-induced dopamine release, the cultures were washed once with HBSS and
then treated to 56 mM KCl in HBSS for 30 m; control cultures were exposed
only to HBSS. HPLC was performed as previously described’® (see Supple-
mentary Methods).

Cell transplantation and immunosuppression. Rats were lesioned with one
injection of 100 ug /7 pl of 6-OHDA HBr delivered into the right ventricle
(n 6). Four weeks later, each rat was monitored for 20 m to measure
apomorphine (2.5 mg/kg, i.p.)-induced rotations, From the results obtained,
rats were divided into two equally distributed groups. One week later, rats from
one group were transplanted with cells (500,000 in 3 pl HBSS) and another
group with saline in the striatum ipsilateral to the lesion (AP: 0, ML: -2.8)
at three different heights (DV: -6, -5, —4). Rats were immunosuppressed
2 d before implantation, and daily until 3 d after, with ip. injections of
cyclosporine A (20 mg/kg: Sandimmune; Novartis). Thereafter, the rats
received cyclosporine A daily (15 mg/kg, i.p.).

Behavioral testing. Apomorphine-induced rotations were assessed at 4, 6 and 8
weeks after lesion, so as to evaluate the effects of transplantation on motor
symmetry, as described?®. Nine weeks after grafting, rats were also evaluated by
the adjusting step test®®. Briefly, each rat was held by the experimenter with one
hand fixing the hindlimbs and slightly raising the hind parnt off the surface,
while the other hand fixed the forelimb not to be monitored. The rat was
moved sideways (0.9 m in 5 s) by the experimenter, with its free paw touching
the table. The number of adjusting steps for each forelimb was measured three
times per session with two sessions per day, for 3 d. During the ninth week we
also measured cach rat’s performance in the cylinder test, which assesses the
symmetry or lack thereof of limb use®. Specifically, it measures the level of
preference for using the unimpaired forelimb for weight shifting movements
during spontaneous vertical exploration, To this end, the rat was put in a
transparent cylinder (30 ¢cm height, 20 cm diameter) for 10 min, and the
number of times each forelimb was used for landing after rearing for 10 min
was scored.

Immunocytochemistry. Cultures were fixed with 4% paraformaldchyde for
5 min. Rats were perfusion fixed with 4% paraformaldehyde and their brains
collected and postfixed for 4 h in the cold, then cryoprotected in 30% sucrose
and sectioned at 15 um by cryostat. Both cells and tissue were permeabilized
with 0.1% saponin + 1% normal goat serum (NGS) for 15 min at 25 °C and
blocked with 0.05% saponin + 5% NGS for 15 m. Incubation with primary
antibody was for 72 h at 4 °C. Incubation with fluorescently tagged secondary
antibodies was for 2 h at 25 °C. All antibodies, sources, dilutions and relevant
staining protocols used are listed in Supplementary Mcthods.

Statistical analysis. Statistical analysis was done for each dataset as noted in the
text describing each experiment. For detailed sample descriptions, sampling
methods and statistical tests employed, see the Supplementary Methods.

Note: Supplementary information is available on the Nature Medicine website.
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ERRATUM AND CORRIGENDUM

Erratum: A brief history of Ty17, the first major revision in the T,1/T42
hypothesis of T cell-mediated tissue damage

Lawrence Steinman
Nature Med. 13, 139~145 (2007); published online 6 February 2007; corrected after print 21 February 2007

In the version of this article initially published, the labeling in Figure 1is incorrect. Tregs should be shown as producing TGFE-B, not IL-17. The
error has been corrected in the HTML and PDF versions of the article.

Corrigendum: Functional engraftment of human ES cell-derived
dopaminergic neurons enriched by coculture with telomerase-immortalized

midbrain astrocytes

Necta S Roy, Carine Cleren, Shashi K Singh, Lichuan Yang, M Flint Beal & Steven A Goldman
Nature Medicine 12, 1259-1268 (2006); published online 22 October 2006.

In page 1264 of this article, it is stated that “The donor cells were dispersed over an average radius of 1.6 + 0.6 mm, and the mean number of HNA*
nucleifmm? within each was 136,726 + 23,515" The authors wish to clarify that they used the word “radius” in the non-geometric sense, as in this
definition of the American Heritage Dictionary: “A bounded range of effective activity or influence’. At the same time, they want to remark that
the numbers, figures and scale bars shown in the paper are correct.
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Mitochondrial dysfunction and oxidative
stress in neurodegenerative diseases

Michael T. Lin' & M. Flint Beal'

Many lines of evidence suggest that mitochondria have a central role in ageing-related neurodegenerative
diseases. Mitochondria are critical regulators of cell death, a key feature of neurodegeneration. Mutations

in mitochondrial DNA and oxidative stress both contribute to ageing, which is the greatest risk factor

for neurodegenerative diseases. In all major examples of these diseases there is strong evidence that
mitochondrial dysfunction occurs early and acts causally in disease pathogenesis. Moreover, an impressive
number of disease-specific proteins interact with mitochondria. Thus, therapies targeting basic mitochondrial
processes, such as energy metabolism or free-radical generation, or specific interactions of disease-related

proteins with mitochondria, hold great promise.

Neurodegenerative diseases are a heterogencous group of disorders
characterized by gradually progressive, selective loss of anatomically or
physiologically related neuronal systems. Prototypical examples include
Alzheimer's disease (AD), Parkinson’ disease (PD), amyotrophic lateral
sclerosis (ALS) and Huntington's disease (HD). Despite this heterogene-
ity, we argue that mitochondrial involverment is likely to be an important
common theme in these diseases. Mitochondria are key regulators of
cell survival and death (Fig. 1; for a review see ref. 1), have a central
role in ageing, and have recently been found to interact with many of
the specific proteins implicated in genetic forms of neurodegenerative
diseases (Table 1).

Mitociiondria and ageing
By far the greatest risk factor for neurodegenerative diseases such as AD,
PD and ALS is ageing, and mitochondria have been thought to contribute
to ageing through the accumulation of mitochondrial DNA (mtDNA)
mutations and net production of reactive oxygen species (ROS).
Although most mitochondrial proteins are encoded by the nuclear
genome, mitochondria contain many copies of their own DNA. Human
mtDNA is a circular molecule of 16,569 base pairs that encodes 13
polypeptide components of the respiratory chain, as well as the rRNAs
and tRNAs necessary to support intramitochondrial protein synthesis

using its own genetic code. Inherited mutations in mtDNA are known
to cause a variety of discases, most of which affect the brain and
muscles — tissues with high energy requirements. One hypothesis has
been that somatic mtDNA mutations acquired during ageing contribute
to the physiological decline that occurs with ageing and ageing-related
neurodegeneration.

Itis well established that mtDNA accumulates mutations with ageing,
especially large-scale deletions? and point mutations. In the mtDNA con-
trol region, point mutations at specific sites can accumulate to high levels
in certain tissues: T414G in cultured fibroblasts, A189G and T408A in
muscle, and C150T in white blood cells®. However, these control-region
‘hot spots” have not been observed in the brain®. Point mutations at
individual nucleotides seem to occur atlow levels in the brain®, although
the overall level may be high. Using a polymerase chain reaction (PCR)-
cloning-sequencing strategy, we found that the average level of point
rutations in two protein-coding regions of brain mtDNA from elderly
subjects was ~2 mutations per 10 kb®. Noncoding regions, which may
be under less sclection pressure, potentially accumulate between twice
and four times as many’.

The accumulation of these deletions and point mutations with age-
ing correlates with decline in mitochondrial function. For example, a
negative correlation has been found between brain cytochrome oxidase

Table 1] Proteins that have a function in major neurodegenerative diseases with mitochondrial involvement

Disease Genetic causes Function
Alzheimer's disease APP Gives rise to Af, the primary component of senile plaques

PS1and PS2 A component of y-secretase, which cleaves APP to yield AB
Parkinson's disease a-Synuclein The primary component of Lewy bodies

Parkin A ubiquitin E3 ligase

D Protects the cell against oxidant-induced cell death

PINK1 A kinase localized to mitochondria. Function unknown. Seems to protect against cell death

LRRK2 A kinase. Function unknown

HTRA2 A serine protease in the mitochondrial intermembrane space. Degrades denatured proteins within

mitochondria. Degrades inhibitor of apoptosis proteins and promotes apoptosis if released into the cytosol

Amyotrophic lateral SOD1 Converts superoxide to hydrogen peroxide. Disease-causing mutations seem to confer a toxic gain of function
sclerosis
Huntington's disease Huntingtin Function unknown. Disease-associated mutations produce expanded polyglutamine repeats

'Department of Neurology and Neuroscience, Weill Medical College of Cornell University, Room F-610, 525 East 68th Street, New York 10021, USA.
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Figure 1| Role of mitochondria in apoptosis and ageing. a, Several
intermembrane space (IMS) proteins are pro-apoptotic if released

into the cytosol. Cytochrome ¢ (C) activates caspase-9. SMAC (second
mitochondrial activator of caspases) and HTRA2 inhibit cytosolic
inhibitor of apoptosis proteins (IAPs). HTRAZ2 is a serine protease that
might function to remove denatured proteins within mitochondria, but
degrades IAPs when released from mitochondria. Inhibiting HTRA2's
normal quality control function or enhancing its IAP-degrading activity
could both promote cell death. Apoptosis inhibitor factor (AIF) and
endonuclease G (endo G) translocate to the nucleus and induce chromatin
condensation and DNA fragmentation. Release of these proteins into

the cell is modulated by recruitment of BAX (which is proapoptotic) or
Bcl-2 (anti-apoptotic) to the outer mitochondrial membrane (OMM).
Numerous extracellular and intracellular signals converge to regulate
mitochondrial apoptosis (reviewed in ref. 1; see also page 796).

b, Mitochondrial DNA {(mtDNA) mutations and oxidative stress may
contribute to ageing. Somatic mutations accumulate in mtDNA with

age. Inducing mtDNA mutations by disabling the proofreading activity
of mtDNA POLG accelerates ageing-related pathology in transgenic
mice. Certain mtDNA polymorphisms are associated with increased
longevity, possibly by reducing membrane potential and decreasing the
generation of reactive oxygen specics (ROS, white stars). Overexpression
of ROS-scavenging enzymes manganese superoxide dismutase (MnSOD),
methionine sulphoxide reductase A (MSRA) or catalase within
mitochondria prolongs lifespan. Knockout of p66SHC, a protein that
promotes ROS generation and mitochondrial apoptosis, also prolongs
lifespan. Complex IV (C-1V) and complex V activities decline with ageing,
and knockdown of complex V activity causes oxidative damage to nuclear
DNA, which probably results in decreased gene expression with ageing,
IMM, inner mitochondrial membrane.
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activity and increased point-mutation levels in a cytochrome oxidase
gene (CO1)®. Moreover, somatic deletions can be clonally expanded
in individual neurons, and high levels of such deletions correlate with
cytochrome oxidase deficiency on a cell-by-cell basis in the substantia
nigra, perhaps contributing to the age dependence of PD**. However,
although the cell-by-cell correlation provides strong circumstantial evi-
dence, correlations do not prove that somatic mtDNA mutations cause
age-related pathology.

Recently, several groups have addressed the issue of causation using
aclever approach to generate mtDNA mutations experimentally (for
a review sce ref. 10). MtDNA replication is carried out by mtDNA
polymerase-y (POLG), which has 3'-to-5" exonuclease (proofreading)
activity in addition to its 5'-to-3’ polymerase activity. If the proofread-
ing activity of POLG is eliminated and the polymerase activity pre-
served, mtDNA mutations accumulate because of uncorrected errors
during replication. In mice with such proofreading-deficient POLG
(mtDNA-mutator mice), mtDNA mutations accumulate to high levels
in all tissues. By 8 weeks of age, homozygous Polg™~ animals had 9 point
mutations per 10kb in cytochrome b. By contrast, normal mice had less
than I mutation per 10 kb. This marked increase in mtDNA mutations
resulted in decreased respiratory enzyme activity and ATP production.
To begin with, the mice appeared normal, but by 25 weeks of age began
to exhibit pathology frequently seen in human (although not necessarily
murine) ageing, including weight loss, alopecia, osteoporosis, kypho-
sis, cardiomyopathy, anaemia, gonadal atrophy and sarcopaenia. The
median lifespan of such mice was 48 weeks (none lived beyond 61 weeks
of age) — much shorter than the typical murine lifespan of 2 years.

A second, independent mtDNA-mutator mouse showed a similar
marked increase in mtDNA mutations, progeric features and early mor-
tality. Notably, neuropathology was not reported in either mouse model,
although detailed examination was not carried out. Humans with POLG
mutations exhibit parkinsonism, ophthalmoplegia and myopathy (sce
below), and the reasons for the differences between mice and humans
with such mutations are not yet known.

In both mtDNA-mutator mouse models, markers of apoptosis such
as activated caspase 3 were increased at times coinciding with tissue
degeneration, suggesting that apoptosis mediates deleterious effects
of somatic mtDNA mutations. Interestingly, tissues from the mtDNA-
mutator mice did not show increased levels of lipid, protein or DNA
oxidation, hydrogen peroxide production, or sensitivity to oxidative
stress. Thus, the effects of mtDNA mutations in these mice do not seem
to be mediated through ROS production.

Net production of ROS is another important mechanism by which
mitochondria are thought to contribute to ageing. Mitochondria contain
multiple electron carriers capable of producing ROS, as well as an exten-
sive network of antioxidant defences (Fig. 2). Mitochondrial insults,
including oxidative damage itself, can cause an imbalance between ROS
production and removal, resulting in net ROS production'’. The impor-
tance to ageing of net mitochondrial ROS production is supported by
observations that enhancing mitochondrial antioxidant defences can
increase longevity. In Drosophila, overexpression of the mitochondrial
antioxidant enzymes manganese superoxide dismutase (MnSOD)'? and
methionine sulphoxide reductase’ prolongs lifespan. This strategy is
most successful in short-lived strains of Drosophila, and has no effect
in already long-lived strains. However, it has recently been shown that
overexpression of catalase experimentally targeted to mitochondria
increased lifespan in an already long-lived mouse strain™. The authors
of this work generated transgenic mice overexpressing catalase targeted
to peroxisomes, nuclei or mitochondria. The mitochondrially targeted
construct provided the maximal benefit, increasing median and maxi-
mallifespan by 20%. Hydrogen peroxide production and oxidative inac-
tivation of aconitase were reduced in isolated cardiac mitochondria,
DNA oxidation and levels of mitochondrial deletions were reduced in
skeletal muscle, and cardiac pathology, arteriosclerasis and cataract
development were delayed.

In humans, a recent study of gene expression in the brain suggests
that oxidative damage has a major role in the cognitive decline that
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Figure 2 | Role of mitochondria in reactive oxygen species metabolism. The processes and components involved in ROS generation (white stars) and
antioxidant defence (red stars). Mitochondria are the primary cellular consumers of oxygen and contain numerous redox enzymes capable of transferring
single electrons to oxygen, generating the ROS superoxide (O,"). Mitochondrial enzymes so far known to generate ROS include the tricarboxylic acid
(TCA) cycle enzymes aconitase (ACO) and a-ketoglutarate dehydrogenase (KGDH); the electron-transport chain (ETC) complexes 1, 11 and 111; pyruvate
dehydrogenase (PDH) and glycerol-3-phosphate dehydrogenase (GPDH); dihydroorotate dehydrogenase (DHOH); the monoamine oxidases (MAO)

A and B; and cytochrome b, reductase (B5R). The transfer of electrons to oxygen, generating superoxide, is more likely when these redox carriers are
abundantly charged with clectrons and the potential energy for transfer is high, as reflected by a high mitochondrial membrane potential. ROS generation
is decreased when available electrons are few and potential energy for the transfer is low. Mitochondria also contain an extensive antioxidant defence system
to detoxify the ROS generated by the reactions described above. Both the membrane-enclosed and soluble compartments are protected. Nonenzymatic
components of the system include a-tocopherol (aTCP), coenzyme Q10 (Q), cytochrome ¢ (C) and glutathione (GSH). Enzymatic components include
manganese superoxide dismutase (MnSOD), catalase (Cat), glutathione peroxidase (GPX), phospholipid hydroperoxide glutathione peroxidase (PGPX),
glutathione reductase (GR); peroxiredoxins (PRX3/5), glutaredoxin (GRX2), thioredoxin (TRX2) and thioredoxin reductase (TRXR2). The regeneration
of GSH (through GR) and reduced TRX2 (through TRXR2) depends on NADPH, which is derived from substrates (through isocitrate dehydrogenase,
IDH, or malic enzyme, ME) or the membrane potential (through nicotinamide nucleotide transhydrogenase, NNTH). So, like ROS generation, antioxidant
defences are also tied to the redox and energetic state of mitochondria. GSSG, glutathione disulphide; LOI1, lipid hydroxide; LOOH, lipid hydroperoxide;
o, oxidized state; r, reduced state. In structurally and functionally intact mitochondria, a large antioxidant defence capacity balances ROS generation, and
there is little net ROS production. Mitochondrial damage with decrease of antioxidant defence capacity is a prerequisite for net ROS production. Once this
occurs, a vicious cycle (inset) can ensue whereby ROS can further damage mitochondria, causing more free-radical generation and loss or consumption of
antioxidant capacity. For example, the Fe-S cluster in aconitase is easily inactivated by superoxide, the iron is released, and this induces hydroxyl radical
production. (For a review of the role of mitochondria in ROS metabolism, seeref. 11.)

accompanies ageing'. Transcriptional profiling of postmortem frontal
cortex samples from individuals aged from 26 to 106 revealed that after
the age of 40 there was a decrease in the expression of genes involved
in synaptic plasticity, vesicular transport and mitochondrial function,
followed by increased expression of stress-response, antioxidant and
DNA-repair genes. In the brain, the age-downregulated genes suffered
markedly increased oxidative DNA damage compared with the age-
stable or age-upregulated genes. Promoter regions were particularly
affected, perhaps because they contain G/C-rich sequences that are
sensitive to oxidation, or do not undergo transcription-coupled repair.
In SH-SYS5Y cells, promoters of the same age-downregulated genes were
both more sensitive to hydrogen-peroxide-induced damage and less
able to undergo base excision repair of such damage than promoters of
age-stable or age-upregulated genes.

To investigate whether impaired mitochondrial function could pre-
dispose these age-downregulated genes to DNA damage, small interfer-
ing RNA (siRNA) was used to reduce the expression of mitochondrial
F,-ATPase 2.5-fold in SH-SY5Y cells, approximating the reduction
seen in the aged human cortex. This resulted in significantly increased
promoter DNA damage in age-downregulated genes, which was partly

reversed by the antioxidant vitamin E. These findings support the idea
that mitochondrial dysfunction contributes to the damage of vulnerable
genes in the ageing brain. The vulnerable-gene promoters are both more
sensitive to oxidative stress and deficient in repair, and mitochondrial
dysfunction could potentially exacerbate both by increasing ROS or
decreasing the availability of ATP, which is necessary for repair.

Mitachondria and Alzheirner's disease
AD is characterized clinically by progressive cognitive decline, and
pathologically by the presence of senile plaques composed primarily
of amyloid-p peptide (Ap) and neurofibrillary tangles made up mainly
of hyperphosphorylated tau. About 5-10% of cases are familial, occur-
ring in an carly-onset, autosomal-dominant manner. Three proteins
are known to be associated with such familial cases: amyloid precursor
protein (APP) — which is cleaved sequentially by p- and y-secretases
to produce AP — and presenilins ! and 2 (PS1 and PS2), one or other
of which is a component of each y-secretase complex.

There is extensive literature supporting a role for mitochondrial dys-
function and oxidative damage in the pathogenesis of AD. Oxidative
damage occurs early in the AD brain, before the onset of significant
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plaque pathology'®. Oxidative damage also precedes A deposition in
transgenic APP mice"”, with upregulation of genes relating to mitochon-
drial metabolism and apoptosis occurring even carlier and co-localizing
with the neurons undergoing oxidative damage'®.

Moreover, such oxidative damage and mitochondrial dysfunction
probably contribute causally to AD-related pathology. In fetal guinea
pig neurons, hydrogen peroxide treatment increased intracellular AR
levels"”. Treatment with the mitochondrial uncoupler CCCP (carbonyl
cyanide m-chlorophenylhydrazone) caused cultured astrocytes to mimic
the amyloidogenic APP processing and intracellular AP accumulation
that is seen in Down syndrome astrocytes®. In a transgenic APP-mutant
mouse, hemizygous deficiency of the mitochondrial antioxidant enzyme
MnSOD markedly increased brain Ap levels and plaque deposition™. In
another transgenic APP-mutant mouse, energy metabolism inhibitors
(insulin, 2-deoxyglucose, 3-nitropropionic acid and kainic acid) elevated
B-secretase levels and activity and A levels?.

Several pathways connecting oxidative stress and AD pathology
have recently been uncovered. Oxidative stress may activate signal-
ling pathways that alter APP or tau processing. For example, oxidative
stress increases the expression of B-secretase through activation of c-
Jun amino-terminal kinase and p38 mitogen-activated protein kinase
{MAPK)”, and increases aberrant tau phosphorylation by activation of
glycogen synthase kinase 3 (ref. 24). Oxidant-induced inactivation of
critical molecules may also be important. In a proteomic study, the prolyl
isomerase PIN1 was found to be particularly sensitive to oxidative dam-
age®™. PIN1 catalyses protein conformational changes that affect both
APP and tau processing. Knockout of Pinl increases amyloidogenic APP
processing and intracellular A levels in mice®®. Pinl-knockout mice
also exhibit tau hyperphosphorylation, motor and behavioural deficits,
and neuronal degeneration?’.

There is some evidence that mtDNA may be involved in the mito-
chondrial dysfunction seen in AD. When patient mtDNA is transferred
into mtDNA-deficient cell lines, the resulting ‘cybrids’ reproduce the
respiratory enzyme deficiency seen in the brain and other tissues in
AD, suggesting that the defect is carried at least in part by mtDNA
abnormalities®. However, identifying AD-specific mtDNA mutations
has been a challenge. Complete sequencing of mtDNA from 145 AD
patients and 128 controls did not reveal any significant association
with mitochondrial haplogroup or with inherited mtDNA mutations®”.
There was also no association with acquired mtDNA mutations when
a coding region (for CO1) was examined®. However, in the same way
that promoters appeared more sensitive to damage than coding regions
in nuclear genes', the mtDNA control region showed an increase in
acquired mutations in AD*. AD brains had on average a 63% increase
in heteroplasmic mtDNA control-region mutations, and in individu-
als older than 80 years there was a 130% increase in mutations. These
mutations preferentially altered known mtDNA regulatory elements and
suppressed mitochondrial transcription and replication.

Finally, several recent reports suggest that many of the proteins
implicated in AD pathogenesis have direct physical involvement
with mitochondria or mitochondrial proteins (Fig. 3). APP has been
found to have a dual endoplasmic reticulum/mitochondrial-targeting
sequence, and in transfected cells and transgenic mice overexpressing
APP it clogged the mitochondrial protein importation machinery, caus-
ing mitochondrial dysfunction and impaired energy metabolism®'. Ap
binds to a mitochondrial-matrix protein termed Ap-binding alcohol
dehydrogenase (ABAD)*. Blocking the interaction of AB and ABAD
with a ‘decoy peptide’ suppressed Ap-induced apoptosis and free-radi-
cal generation in neurons. Conversely, overexpression of ABAD in
transgenic APP-mutant mice exaggerated neuronal oxidative stress
and impaired memory. Two other groups have also reported that A
interacts with mitochondria, inhibiting cytochrome oxidase activity and
increasing free-radical generation®”. A also inhibits a-ketoglutarate
dehydrogenase activity in isolated mitochondria®, and deficiency of
a-ketoglutarate dehydrogenase™ and cytochrome oxidase activities”
has previously been observed in the brain and other tissues in AD. Ap
also interacts with the serine protcase HTRA2 (also known as OMIY”,
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Presenilin and all the other components of the y-secretase complex
have also been localized to mitochondria, where they form an active
y-secretase complex®.

Mitochondria and Parkinson's disease

PD is characterized clinically by progressive rigidity, bradykinesia and
tremor, and pathologically by loss of pigmented neurons in the substan-
tia nigra and the presence of Lewy bodies — distinctive cytoplasmic
inclusions that immunostain for a-synuclein and ubiquitin.

Mitochondria were first implicated in PD because MPTP (1-methyl
4-phenyl-1,2,3,6-tetrahydropyridine), whose metabolite MPP+ inhibits
complex | of the mitochondrial electron-transport chain, caused parkin-
sonism in designer-drug abusers. This model has since been refined in
laboratory animals, in which chronic infusion of rotenone* — another
complex-1 inhibitor — or MPTP" results clinically in a parkinsonian
phenotype and pathologically in nigral degeneration with cytoplasmic
inclusions immunoreactive for a-synuclein and ubiquitin. The mecha-
nism of toxicity in these complex-I inhibition models probably involves
oxidative stress”. Complex-1 inhibition and oxidative stress were shown
to be relevant to naturally occurring PD when complex-1 deficiency and
glutathione depletion were found in the substantia nigra of patients with
idiopathic PD and in patients with pre-symptomatic PD®,

Many of the genes associated with PD also implicate mitochondria in
disease pathogenesis. So far, mutations or polymorphisms in mtDNA
and at least nine named nuclear genes have been identified as causing
PD or affecting PD risk: a-synuclein, parkin, ubiquitin carboxy-terminal
hydrolase L1, DJ- 1, phosphatase and tensin homologue (PTEN)-induced
kinase 1 (PINK1), leucine-rich-repeat kinase 2 (LRRK2), the nuclear
receptor NURRI, HTRA2 and tau. Of the nuclear genes, a-synuclein,
parkin, DJ-1, PINK1, LRRK2 and HTRA2 directly or indirectly involve
mitochondria.

Ina small number of cases, inherited mtDNA mutations result in par-
kinsonism, typically as one feature of a larger syndrome. In one family,
we found that the Leber’s optic atrophy G11778A mutation was asso-
ciated with L.-DOPA-responsive parkinsonism, variably co-occurring
with dementia, dystonia, ophthalmoplegia and ataxia*. Notably, this
mutation is in a subunit of complex I. Mutations in the nuclear-encoded
mtDNA polymerase-y (POLG) gene impair mtDNA replication and
result in multiple mtDNA deletions, typically causing chronic progres-
sive external ophthalmoplegia and myopathy. In such families, POLG
mutations also cosegregate with parkinsonism®.

There is less evidence for mtDNA involvement in non-syndromic PD.
Nigral neurons from PD patients contain increased levels of clonally
expanded somatic mtDNA deletions compared with those from age-
matched controls, although high levels are also seen in normal ageing™”.
We found no difference between PD and controf subjects in inherited or
acquired complex-I or tRNA point mutations*Y, Interestingly, however,
several groups have found that certain continent-specific clusters of
polymorphisms, termed mtDNA haplogroups, may decrease the risk
of developing PD. Among Europeans, the haplogroup cluster UJKT is
associated with a decreased risk for PD compared with haplogroup H
(vef. 48). It is of note that haplogroups underrepresented in PD patients
are overrepresented in healthy centenarians®. Protective mtDNA line-
ages seem to have arisen from areas requiring cold-adaptation, includ-
ing relative uncoupling of mitochondria to increase heat generation at
the expense of ATP production. It has been proposed that this partial
uncoupling increases longevity and decreases risk of neurodegeneration
by decreasing free-radical generation®.

Mutations in a-synuclein are associated with autosomal dominant
familial PD. a-Synuclein is a major component of Lewy bodies, and
the primary effect of a-synuclein mutations is likely to be an increased
formation of oligomeric or fibrillar aggregates. However, there seem
to be close interrelationships between abnormal protein accumula-
tion or degradation, oxidative stress and mitochondrial dysfunction.
In transgenic mice, overexpression of a-synuclein impairs mitochon-
drial function, increases oxidative stress and enhances nigral pathology
induced by MPTP®. Moreover, in a recent study of mice overexpressing
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Figure 3 | The role of mitochondria in ageing-related neurodegenerative diseases. a, In AD, mitochondrial ROS generation and inhibition of energy
metabolism increase AP levels in cells and transgenic mice, and AP can interact with mitochondria and cause mitochondrial dysfunction. A inhibits
complex IV and a-ketoglutarate dehydrogenase (KGD), and binds AB-binding alcohol dehydrogenase (ABAD). Both KGD and ABAD produce ROS (white
stars). Amyloid precursor protein (APP) may be targeted to the OMM and interfere with protein import. Mitochondria have also been reported to contain
active y-secretase complexes, which are involved in cleaving APP to form Ap and contain presenilin 1, which increases the proteolytic activity of HTRA2
towards LAPs. AD) patients have on average more somatic mutations in the mtDNA control region than control subjects. b, Complex I activity is decreased
in PD, and inhibition of complex I by MPTP or rotenone causes parkinsonism. Mutations in mtDNA-encoded complex | subunits, 12SrRNA, and POLG
also cause parkinsonism. Many genes associated with PD also implicate mitochondria in disease pathogenesis. a-Synuclein immunostaining is seen in
degenerating mitochondria from mice overexpressing A53T a-synuclein. a-Synuclein overexpression impairs mitochondrial function and enhances the
toxicity of MPTP. Parkin associates with the OMM and protects against cytachrome ¢ release. It may also associate with mitochondrial-transcription-
factor A (TFAM) and enhance mitochondrial biogenesis. When oxidized, DJ-1 translocates to mitochondria (IMS and matrix), downregulates the
PTEN-tumour suppressor (not shown), and protects the cell from oxidative-stress-induced cell death. The mitochondrial kinase PINK1 protects against
apoptosis, an effect that is reduced by PD-related mutations or kinase inactivation. Physical associations have been reported between DJ-1 and a-synuclein,
DJ-1and parkin, and DJ-1 and PINK}, and there is genetic evidence that DJ-1, PINK1 and parkin function sequentially in the same pathway. About 10%
of the kinase LRRK2 is localized to mitochondria, and PD-related mutations augment its kinase activity. A mutation in HTRA2 was found in ~1% of
sporadic PD patients. Overexpression of the mutant impaired normal HTRA?2 protease activity, and HTRA2 knockout results in striatal degeneration

and parkinsonism. ¢, Overexpression of mutant SOD1 in ALS impairs electron-transport-chain activities and decreases mitochondrial calcium-loading
capacity. SOD1 has been localized to the OMM, IMS and matrix, and targeting of mutant SOD1 to mitochondria causes cytochrome ¢ release and
apoptosis. Mutant SOD1 promotes aberrant mitochondrial ROS production and forms aggregates that may clog the OMM protein importation machinery
or bind and sequester the antiapoptotic protein Bel-2. d, Complex 1 activity is decreased in the HD brain, and the complex-11 inhibitor 3-nitropropionic
acid induces striatal degeneration and movement disorder in rodents and primates. Overexpression of complex-11 subunits reduces cell death in striatal
neurons expressing mutant HTT. Mutant HTT associates with the OMM and increases sensitivity to calcium-induced cytochrome ¢ release. Mutant HTT
also translocates to the nucleus, where it binds and increases the level and transcriptional activity of p53. p53 activates the pro-apoptotic protein BAX,
cither directly or by increasing expression of BH3-only Bcl-2 family members NOXA and PUMA. In mice, knockout of Pge-1a or a missense mutation in
Htra2 causes involuntary movements and striatal degeneration.
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A53T mutant a-synuclein, degenerating mitochondria were immunos-
tained for a-synuclein, raising the possibility that mutant a-synuclein
might damage mitochondria dircctly”. Whereas overexpression of
a-synuclein increases sensitivity to MPTP, a-synuclein-null mice are
resistant to MPTP* and other mitochondrial toxins such as malonate
and 3-nitropropionic acid®. Thus, a-synuclein seems to mediate the
toxic effects of MPTP.

Mutations in parkin are associated with autosomal recessive juvenile
PD. Parkin encodes a ubiquitin E3 ligase, and the primary abnormality,
therefore, is in the ubiquitin-proteasome system. However, as above,
there seem 1o be close interrelationships between the ubiquitin-protea-
some system, oxidative stress and mitochondrial dysfunction. On one
hand, parkin deficiency or mutations lead to oxidative stress and mito-
chondrial dysfunction. Parkin-null Drosophila® and mouse® strains
exhibit mitochondrial impairment and increased oxidative stress,
and leukocytes from individuals with parkin mutations have a selec-
tive impairment in complex-1 activity™. Parkin can associate with the
outer mitochondrial membrane and prevent mitochondrial swelling,
cytochrome c release and caspase activation, and this protective effect
is abrogated by protcasome inhibitors and parkin mutations”. Parkin
has also been localized to mitochondria in proliferating cells, where it
has been shown to associate with mitochondrial transcription factor A
and to enhance mitochondrial biogenesis™. On the other hand, mito-
chondrial dysfunction and oxidative stress can affect parkin function
and exacerbate parkin mutations. $-nitrosylation of parkin, an oxidative
modification, impairs its ubiquitin-ligase activity and compromises its
protective function®. Conversely, overexpression of glutathione S-trans-
ferase, which has a role in detoxifying products of oxidative damage,
suppresses neurodegeneration in Drosophila parkin mutants®.

Mutations in DJ-1 are also associated with autosomal recessive juve-
nile PD®. DJ-1 has been reported to interact with a-synuclein®, parkin®
and PINKI1 (ref. 64). The overall function of DJ-1 seems to be to protect
against cell death, especially that induced by oxidative stress. It can act as
aredox sensor: oxidative stress causes a critical cysteine residue (C106)
to be acidified, which leads to its relocalization to mitochondria. C106
mutations prevent this mitochondrial relocalization and impair the cell's
response to oxidative stress and mitochondrial damage®. DJ-1 is a nega-
tive regulator of the PTEN tumour-suppressor protein, which promotes
apoptosis by dephosphorylating phosphatidylinositol-3,4,5- trisphos-
phate, which is necessary for phosphatidylinositol 30H-kinase-medi-
ated activation of the cell-survival kinase Akt. Dj- I knockdown results in
decreased phosphorylation of Akt®, whereas Dj- I overexpression leads
to Akt hyperphosphorylation and increased cell survival”’, DJ-1-defi-
cient mice are hypersensitive to MPTP and oxidative stress®. Moreover,
in flies, DJ-1 undergoes progressive oxidative inactivation with ageing,
which, in turn, increases sensitivity to oxidative stress, and could provide
one potential explanation for the age dependence of sporadic PD®.

Mutations in PINK]I represent a third form of autosomal recessive
juvenile PD™. PINK]1 is a kinase localized to mitochondria’', and, like
DJ-1, seems to protect against cell death. Overexpression of wild-type
PINK prevents apoptosis under basal and staurosporine-induced
conditions by decreasing cytochrome ¢ release and caspase activation,
and this effect is abrogated by PD-related mutations and a kinase-inac-
tive mutation’. In Drosophila, PINK1 deficiency causes mitochondrial
pathology. increased sensitivity to paraquat and rotenone, and degen-
eration of flight muscles and dopaminergic neurons. This pathology
resembles that of parkin-mutant flies, and can be rescued by overexpres-
sion of parkin, but not DJ-1 (ref. 73). Thus, PINK1 probably functions
in the same pathway as parkin, with parkin downstream.

Mutations in LRRK2 are the most common known cause of familial
late-onset PD, and also account for 1-29 of sporadic late-onset PD cases.
On the basis of its sequence, LRRK2 is predicted 1o have a ROC-COR
GTPase domain, a MAPK kinase kinase domain and WD40 domains.
Recently, West and colleagues showed that LRRK2 is a kinase, that two
disease-associated mutations, including the most common G2019S
mutation, augment the kinase activity, and that ~10% of LRRK2 is asso-
ciated with mitochondria™.

792

The gene most recently associated with PD is HTRA2 (also known
as OMD™. A G399S mutation was found in 4 of 414 individuals with
sporadic PD and none of 313 controls. An additional polymorphism,
A 1418, was found in a heterozygous state in 3% of controls and 6.2%
of PD subjects (P=0.039, odds ratio=2.15). As noted above (Fig. 1),
HTRA2 may be a protein quality control agent within mitochondria,
and a pro-apoptotic factor when released into the cytoso! from the mito-
chondrial intermembrane space through a mechanism mediated by the
pro-apoptotic proteins BAX and BAK. Consistent with a role for HTRA2
in maintaining mitochondrial function, homozygous Htra2-knockout
mice develop striatal degeneration and parkinsonism’. Expression in
cultured cells of the G399S and A141S mutations found in people with
PD impairs normal HTRA2 protease activity, causes mitochondrial
swelling, decreases mitochondrial membrane potential and increases
staurosporine-induced cell death”.

Mitochondria and amyotrophic lateral sclerosis

ALS is characterized clinically by progressive weakness, atrophy and
spasticity of muscle tissue, reflecting the degeneration of upper and
lower motor neurons in the cortex, brainstem and spinal cord. Approxi-
mately 90% of cases are sporadic (SALS) and 10% are familial (FALS).
About 20% of familial cases are caused by mutations in Cu/Zn-super-
oxide dismutase (SOD1I).

In both SALS and FALS, postmortem and biopsy samples from the
spinal cord, nerves and muscles show abnormalities in mitochondrial
structure, number and localization. Defects in activities of respiratory-
chain complexes have also been detected in muscle and spinal cord.
However, it is difficult to know from single snapshots of already symp-
tomatic individuals whether mitochondria contribute to pathogenesis or
are innocent bystanders. Thus, research on mitochondrial involvement
in ALS has focused on expression of mutant SOD1 in animal and cellular
models of the disease.

Overexpressing the G93A Sod! mutation in transgenic mice causes
impaired mitochondrial energy metabolism in the brain and spinal cord
at disease onset”. However, long before disease onset there is a decrease
in the calcium-loading capacity in mitochondria from the brain and
spinal cord, but not the liver, of mice overexpressing G93A or G85R
mutant Sod! (ref. 78). In G93A Sod1 mice there is a transient explosive
increase in vacuolar mitochondrial degeneration just preceding motor-
neuron death”, suggesting that mitochondrial abnormalitics trigger
the onset of ALS.

Interestingly, SOD1 immunoreactivity is concentrated inside vacu-
olated mitochondria®. SOD1 has traditionally been thought to be a
cytoplasmic protein, but localization of a fraction of cellular SOD1 to the
mitochondrial outer membrane, intermembrane space and matrix has
now been demonstrated™*. The localization of SOD1 to mitochondria
has been reported to occur only in affected tissues and to occur prefer-
entially for mutant SOD]1 (ref. 83).

Interaction between SOD1 and mitochondria suggests a number of
mechanisms by which mitochondrial function and cell survival may
be adversely affected. Mitochondrial targeting of mutant SOD1 caused
cytochrome ¢ release and apoptosis, whereas targeting to the endoplasmic
reticulum or nucleus did not cause cell death®. Cleveland and colleagues
suggest that mutant SOD1 accumulates and aggregates in the outer mito-
chondrial membrane and clogs the protein importation machinery, event-
ually resulting in mitochondrial dysfunction®. Mutant SOD1 has been
proposed to promote aberrant ROS production, and we found oxidative
damage to mitochondrial lipids and proteins, accompanied by impaired
respiration and ATP synthesis, in mice expressing mutant human SOD!
(ref. 77). Mutant, but not wild-type, SOD1 species bind to and aggregate
with cytosolic heat-shock proteins® and mitochondrial Bcl-2 (ref. 86),
rendering them unavailable for anti-apoptotic functions.

Mitochondria and Huntington's disease

HD is characterized clinically by chorea, psychiatric disturbances and
dementia, and pathologically by loss of long projection neurons in
the cortex and striatum. HD is inherited in an autosomal dominant

©2006 Nature Publishing Group



INSIGHT

Table 2 | Mitochondrial invoivement in less common neurodegenerative diseases

Disease Clinical features Protein Function
Friedreich's ataxia Ataxia and neuropathy due to degeneration of Frataxin A mitochondrial iron chaperone that promotes the biogenesis of
spinocerebellar tracts and dorsal-root ganglia; diabetes; enzymes with Fe-S clusters and detoxifies excess iron. Frataxin
cardiomyopathy deficiency causes iron accumulation and impairs the activity of
Autosomal recessive Fe-S cluster-containing enzymes (complexes | and II, and
aconitase). It may also perturb manganese balance and impair
MnSOD activity
Hereditary spastic Slowly progressive weakness and spasticity of the legs SPG7* An inner mitochondrial membrane m-AAA metalloprotease.
paraplegia (HSP) Autosomal recessive It functions as a chaperone and is involved in the assembly of
respiratory-chain complexes. SPG7 deficiency causes recessive
HSP with mitochondrial myopathy
Autosomal dominant SPG13' A mitochondrial protein chaperone
Neurodegeneration Progressive dementia, rigidity, involuntary movements, PANK2 PANK2 is localized to mitochondria and catalyses the first step
with brain iron spasticity and retinal degeneration accompanied by iron in coenzyme A synthesis. PANK2 deficiency is the most common
accumulation (NBIA)  deposition in globus pallidus and substantia nigra causeof NBIA, accounting for-50% of cases
Autosomal recessive, paediatric onset
Optic atrophy type 1 Autosomal dominant optic neuropathy causing OPA1 OPA1lis a dynamin-related GTPase localized to mitochondria.

progressive visual loss

It organizes the mitochondrial inner membrane and is
necessary for maintaining cristae integrity. SiRNA knockdown
of OPA1 causes fragmentation of the mitochondrial network,
loss of mitochondrial membrane potential, disorganization of
cristae, release of cytochrome ¢ and activation of caspases

“Also known as paraplegin. 'Atso known as heat-shock protein 60. m-AAA, mitochondrial ATPases associated with diverse cellular activities; PANK2, pantothenate kinase 2; SPG, spastic paraplegia gene.

manner, and is due to expansion of a CAG trinucleotide repeat in the
huntingtin (HTT) gene, which gives rise to an expanded polyglutamine
stretch in the corresponding protein. The normal number of CAG (Q)
repeats is less than 36; repeat numbers greater than 40 are associated
with human disease.

Various lines of evidence demonstrate the involvement of mitochon-
drial dysfunction in HD. Nuclear magnetic resonance spectroscopy
reveals increased lactate in the cortex and basal ganglia”. Biochemical
studies show decreased activities of complexes IT and I1I of the elec-
tron-transport chain in the human HD brain*. In striatal cells from
mutant Htt-knock-in mouse embryos, mitochondrial respiration and
ATP production are significantly impaired®.

The mitochondrial dysfunction observed above is likely to be patho-
genically important, because 3-nitropropionic acid and malonate —
mitochondrial toxins that selectively inhibit succinate dehydrogenase
and complex Il — induce a clinical and pathological phenotype that
closely resembles HD*. Moreover, in striatal neurons expressing the first
171 amino acids of HTT with an insertion of 82 glutamines, overexpres-
sion of complex-11 subunits restored complex-1 activity and blocked
mitochondrial dysfunction and cell death®.

There are several mechanisms by which the mutation could result
in mitochondrial dysfunction. First, HTT may interact directly with
mitochondria. In one study®, lymphoblast mitochondria from HD
patients and brain mitochondria from YAC transgenic mice expressing
HTT with 72 repeats were found to have lower membrane potentials
and to depolarize at lower calcium loads than control mitochondria.
Amino-terminal mutant HTT was identified on neuronal mitochondrial
membranes with immunoelectron microscopy, and the incubation of
normal mitochondria with mutant HTT reproduced the calcium-han-
dling defect seen in HD patients and transgenic mice. In another study™,
subfractionation of mitochondria from a knock-in HD-mouse model
showed HTT in association with the outer mitochondrial membrane.
Mitochondria from the knock-in HD mouse were more sensitive to
calcium-induced mitochondrial permeabilization and cytochrome ¢
release, an effect that was mimicked by incubating normal mitochondria
with mutant, but not wild-type, HTT.

Another mechanism through which mutant HTT could affect mito-
chondrial function is by altering transcription™. HTT interacts witha
number of transcription factors, including p53, CREB-binding protein
and SP1 (for a review see ref. 95). p53 is a tumour suppressor known to
regulate genes involved in mitochondrial function and oxidative stress.
In response to genotoxic injury, p53 activates mitochondrial pathway
apoptosis by increasing transcription of the pro-apoptotic BH3-only
Bcl-2 family members such as PUMA™. p53 can also translocate to mito-

chondria and directly activate BAX”. In a recent study®, mutant HTT
bound p53 and increased p53 levels and transcriptional activity, leading
to upregulation of downstream targets BAX and PUMA, and mitochon-
drial membrane depolarization. Pharmacological suppression or genetic
deletion of p53 prevented HTT-induced mitochondrial depolarization,
cytochrome oxidase deficiency and cytotoxicity. Moreover, expression of
mutant HTT in a p53-null background diminished retinal degeneration
in Drosophila and reversed behavioural abnormalities in mice.

Although they have not yet been directly related to human HD, two
mitochondria-related proteins are associated with HD-like pheno-
types in transgenic mice. PGC- la is a transcriptional coactivator that
regulates mitochondrial biogenesis and metabolic pathways. Pgc-la-
knockout mice exhibit impaired mitochondrial function, a hyperkinetic
movement disorder and striatal degeneration — features that are all
also observed in HD™. HTRAZ is a serine protease that resides in the
milochondrial intermembrane space. In mice, a missense mutation
in HTRA2 that reduces protease activity results in the Mnd2 (motor-
neuron degeneration 2) phenotype, which shares many features of HD,
including involuntary movements, abnormal postures and massive loss
of striatal neurons'™.

Mitochondrial involvement in other, less common, neurodegenera-
tive diseases is reviewed in Table 2.

Summary and future directions

Recent findings have greatly expanded our understanding of the role of
mitochondria in the pathogenesis of neurodegenerative diseases. Mito-
chondrial-DNA mutations and oxidative stress contribute to ageing,
the greatest risk factor for neurodegenerative discases. Mitochondrial
dysfunction and oxidative stress occur early in all major neurodegenera-
tive diseases, and there is strong evidence that this dysfunction has a
causal role in disease pathogenesis. Most impressively, specific interac-
tions of disease-related proteins with mitochondria have recently been
uncovered: APP, AP, presenilin, a-synuclein, parkin, DJ-1, PINK1,
LRRK2, HTRA2, SOD1 and huntingtin have all been found within
mitochondria, as discussed above. This explosion of findings raises
further questions.

First, what is the basis for cell-type specificity in neurodegenerative
disorders? For example, why does systemic overexpression of mutant
SOD1 affect calcium handling in brain but not liver mitochondria™? The
propensity of mitochondrial disorders to affect the brain and muscles
has thus far been explained by the different tissue requirements for mito-
chondrial function — brain and muscle tissues have high energy require-
ments. However, we speculate that mitochondrial differences between
different cell types might be at least as important in this selectivity,
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if not more so. Most mitochondrial proteins are encoded by nuclear
genes, and it is to be expected that the distinct nuclear programmes
required to produce different cell types should also produce different
mitochondria. However, knowledge of mitochondrial biology in dif-
ferent cell types is extremely rudimentary. Further investigation will
probably provide a more fundamental understanding of neurodegen-
erative diseases, because cell selectivity is a fundamental characteristic
of these disorders.

Second, the complexity of mitochondrial ROS metabolism suggests
that interventions such as the administration of one or a few antioxidants
may be too simplistic. Indeed, such interventions have generally been, at
best, modestly successful in clinical trials, despite abundant evidence for
oxidative stress in disease pathogenesis. A more complete approach to
antioxidant therapy would be to decrease ROS generation (for example,
by expressing uncoupling proteins) and to upregulate the multilayered
endogenous mitochondrial and intracellular antioxidant defence net-
work. However, this will require a considerably better understanding of
ROS biology than we have at present. [t will also require the global 'ROS
bad, antioxidants good' impression to be replaced with knowledge of the
specific targets of ROS (such as PIN1 in AD).

Finally, the interaction of mitochondria with specific disease-related
proteins opens exciting new possibilities for therapeutic targets. For
example, in HD, reducing p53 protects against mutant huntingtin. How-
ever, in the case of AD, PD and ALS, genetic forms of disease account
for only a small percentage of cases, and the relevance of mitochon-
drial interactions with these proteins must be determined for sporadic
cases.

Knowledge of neurodegenerative diseases has advanced rapidly in the
last few years, and the field holds great promise for furthering our under-
standing and the eventual treatment of these devastating illnesses. @
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